Experimental Feasibility Study of Geopolymers as a Sulfate-Rich Soil Stabilizer by Coen, Adam Scott & Nowak, Peter
Worcester Polytechnic Institute
Digital WPI
Major Qualifying Projects (All Years) Major Qualifying Projects
May 2014






Follow this and additional works at: https://digitalcommons.wpi.edu/mqp-all
This Unrestricted is brought to you for free and open access by the Major Qualifying Projects at Digital WPI. It has been accepted for inclusion in
Major Qualifying Projects (All Years) by an authorized administrator of Digital WPI. For more information, please contact digitalwpi@wpi.edu.
Repository Citation
Coen, A. S., & Nowak, P. (2014). Experimental Feasibility Study of Geopolymers as a Sulfate-Rich Soil Stabilizer. Retrieved from
https://digitalcommons.wpi.edu/mqp-all/2629
 Project:	  MQP-­‐MT1	  MT1 	   Experimental	  Feasibility	  Study	  of	  Geopolymers	  as	  a	  Sulfate-­‐Rich	  Soil	  Stabilizer	  A	  Major	  Qualifying	  Project	  Submitted	  to	  the	  Faculty	  of	  WORCESTER	  POLYTECHNIC	  INSTITUTE	  In	  partial	  fulfillment	  of	  the	  requirement	  for	  the	  Degree	  of	  Bachelor	  of	  Science	  By	  	  
_________________________ Adam	  Coen	  	  
_________________________ Peter	  Nowak	  	  Approved	  by:	  	  
_________________________ Professor	  Mingjiang	  Tao,	  Advisor	  	  	  
 2 
Table	  of	  Contents	  
Authorship	  .................................................................................................................................	  3	  
Acknowledgements	  .................................................................................................................	  4	  
Abstract	  .......................................................................................................................................	  5	  
Table	  of	  Figures	  ........................................................................................................................	  6	  
Table	  of	  Tables	  .........................................................................................................................	  8	  
Capstone	  Design	  .......................................................................................................................	  9	  
Chapter	  1:	  Introduction	  ......................................................................................................	  11	  
Chapter	  2:	  Background	  .......................................................................................................	  14	  
2.1.	  Sulfate-­‐rich	  soils	  .....................................................................................................................	  14	  
2.2.	  Lime	  ............................................................................................................................................	  15	  
2.3.	  Portland	  cement	  .....................................................................................................................	  17	  
2.4.	  Lime	  and	  Portland	  cement	  Production	  ...........................................................................	  18	  
2.5.	  Calcium-­‐Induced	  Heave	  .......................................................................................................	  21	  
2.6.	  Geopolymers	  ............................................................................................................................	  22	  2.6.1.	  Metakaolin	  ...........................................................................................................................................	  23	  2.6.2.	  Metakaolin-­‐based	  Geopolymer	  ..................................................................................................	  24	  
Chapter	  3:	  Methodology	  .....................................................................................................	  25	  
3.1.	  Selection	  of	  Mix	  Design	  ........................................................................................................	  25	  
3.2.	  Constitute	  Synthetic	  Sulfate-­‐Rich	  Clay	  ............................................................................	  25	  
3.3.	  Geopolymer	  Synthesis	  ..........................................................................................................	  26	  
3.4.	  Soil	  Stabilization	  .....................................................................................................................	  28	  
3.5.	  Laboratory	  Testing	  ................................................................................................................	  29	  3.5.1.	  Unconfined	  Compressive	  Strength	  Sample	  Preparation	  .................................................	  29	  3.5.2.	  Sample	  Curing	  ....................................................................................................................................	  32	  3.5.3.	  Unconfined	  Compressive	  Strength	  Test	  .................................................................................	  34	  3.5.4.	  Swelling	  Test:	  .....................................................................................................................................	  35	  
Chapter	  4:	  Results	  and	  Analysis	  ......................................................................................	  37	  
4.1.	  Volumetric	  Changes	  ..............................................................................................................	  37	  
4.2.	  Mechanical	  Properties	  .........................................................................................................	  40	  
4.3.	  Swelling	  Properties	  ...............................................................................................................	  46	  
4.4.	  Scanning	  Electron	  Microscopy	  ...........................................................................................	  47	  
Chapter	  5:	  Discussion	  ..........................................................................................................	  55	  










	   	  The	  following	  individuals	  authored	  this	  report.	  	  Each	  member	  collaborated	  throughout	  all	  disciplines	  of	  the	  project	  and	  had	  individual	  responsibilities	  within	  this	  report.	  	  	  
Adam	  Coen	  
• Preparation	  of	  test	  specimens	  and	  testing	  
• Co-­‐analyzing	  data	  
• Authorship	  of	  Introduction,	  2.3,	  2.4,	  2.6.1,	  2.6.2,	  Results	  and	  Analysis,	  and	  Discussion	  
• Editing	  and	  Formatting	  
Peter	  Nowak	  
• Selection	  of	  mix	  recipe	  
• Preparation	  of	  test	  specimens	  and	  testing	  
• Co-­‐analyzing	  data	  
• Authorship	  of	  2.1,	  2.2,	  2.5,	  2.6	  and	  Methodology	  
• Editing 	  
 4 
Acknowledgements	  
We	  would	  like	  to	  acknowledge	  the	  following	  people	  for	  helping	  out	  with	  this	  project:	  
• Mingjiang	  Tao-­‐	  Associate	  Professor	  of	  Civil	  and	  Environmental	  Engineering	  
• Mo	  Zhang-­‐	  Graduate	  Student	  in	  Department	  of	  Civil	  and	  Environmental	  Engineering	  
• Mengxuan	  Zhao-­‐	  Graduate	  Student	  in	  Department	  of	  Civil	  and	  Environmental	  Engineering	  
• Russ	  Lang-­‐	  Laboratory	  Manager	  




	   	  
 5 
Abstract	  
The	  objective	  of	  this	  project	  is	  to	  verify	  the	  feasibility	  of	  using	  a	  metakaolin-­‐based	  geopolymer	  (MBG)	  to	  stabilize	  sulfate-­‐rich	  soils.	  	  This	  study	  includes	  the	  comparison	  of	  the	  stabilization	  effectiveness	  among	  MBG,	  lime,	  and	  Portland	  cement	  through	  testing	  the	  unconfined	  compressive	  strength	  and	  measuring	  vertical	  strain	  in	  swelling	  tests.	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Capstone	  Design	  
 The	  ABET	  capstone	  design	  criterion	  was	  developed	  to	  have	  students	  incorporate	  knowledge	  from	  previous	  coursework	  into	  a	  major	  design	  project.	  	  These	  projects	  are	  intended	  to	  help	  prepare	  the	  student	  for	  professional	  engineering	  practice	  by	  including	  engineering	  standards	  and	  constraints	  to	  the	  design	  project.	  	  The	  eight	  constraints	  brought	  upon	  the	  project	  are	  as	  follows:	  economic,	  environmental,	  sustainability,	  manufacturability,	  ethical,	  health	  and	  safety,	  social,	  and	  political.	  	  Economic,	  social,	  and	  manufacturability	  constraints	  were	  the	  primary	  constraints	  that	  the	  project	  was	  based	  upon.	  	  The	  expansion	  of	  sulfate-­‐rich	  soils	  is	  one	  of	  the	  leading	  contributors	  to	  infrastructural	  damage,	  leading	  to	  high	  costs	  in	  bituminous	  pavement	  and	  concrete	  foundation	  reparations.	  	  This	  allowed	  us	  to	  understand	  the	  economic	  and	  social	  burdens	  brought	  up	  upon	  sulfate-­‐rich	  environments.	  	  In	  terms	  of	  manufacturability,	  standard	  mix	  designs	  were	  developed	  based	  on	  past	  research,	  in	  order	  to	  synthesize	  a	  geopolymer	  that	  would	  have	  similar	  cementitious	  properties	  to	  traditional	  stabilizers	  such	  as	  Portland	  cement	  and	  lime.	  	  The	  samples	  were	  cured	  for	  7	  or	  28	  days,	  which	  are	  standard	  curing	  time	  for	  testing	  Portland	  cement	  concrete	  placed	  in	  the	  field.	  	  All	  of	  the	  samples	  were	  mixed	  thoroughly	  to	  create	  a	  more	  consistent,	  homogenous	  mix.	  	  Environmental	  and	  sustainability	  constraints	  were	  taken	  into	  account	  in	  studying	  the	  chosen	  geopolymer.	  	  The	  lime	  and	  Portland	  cement	  industry	  is	  one	  of	  the	  largest	  carbon	  emissions	  producers	  in	  the	  world.	  	  On	  average,	  one	  ton	  of	  CO2	  is	  produced	  for	  every	  one	  ton	  of	  calcium	  oxide	  (the	  main	  chemical	  in	  lime	  and	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Portland	  cement)	  manufactured.	  .	  	  Health	  and	  safety	  constraints	  helped	  determine	  the	  criteria	  for	  choosing	  a	  material	  to	  study.	  	  The	  materials	  that	  were	  used	  were	  non-­‐hazardous	  waste	  products,	  and	  exhibit	  no	  adverse	  ecological	  effects.	  	  The	  materials	  chosen	  are	  also	  not	  hazardous	  or	  toxic	  pollutants.	  	  	  Political	  constraints	  of	  this	  project	  are	  a	  result	  of	  the	  social	  and	  economic	  constraints.	  	  Infrastructure	  budgets	  have	  a	  profound	  impact	  on	  how	  damages	  are	  repaired	  in	  a	  community,	  driven	  by	  politics.	  	  The	  ethical	  constraints	  of	  the	  project	  were	  based	  upon	  Code	  of	  Ethics	  for	  Engineers,	  2003.	  According	  to	  the	  6th	  Fundamental	  Canon,	  we	  conducted	  ourselves	  honor	  ably,	  responsibly,	  ethically,	  and	  lawfully	  so	  as	  to	  enhance	  the	  honor,	  reputation,	  and	  usefulness	  of	  the	  profession.	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Chapter	  1:	  Introduction 
Swell	  characteristics	  of	  soils	  have	  been	  commonly	  linked	  to	  infrastructural	  damage.	  	  The	  moisture	  content	  of	  soils	  directly	  affects	  how	  much	  swelling	  will	  occur.	  	  Improper	  mitigation	  of	  these	  expansive	  soils	  during	  construction	  can	  result	  in	  damage	  to	  pavements	  and	  structures,	  and	  can	  cost	  millions	  of	  dollars	  in	  repairs.	  	  Many	  of	  these	  problems	  have	  occurred	  in	  natural	  sulfate	  rich	  environments.	  	  Naturally	  sulfate	  rich	  soils	  can	  be	  found	  in	  the	  southern,	  western,	  and	  southwestern	  United	  States.	  	  While	  sulfates	  alone	  in	  soil	  do	  not	  pose	  any	  problems,	  the	  presence	  of	  calcium	  and	  moisture	  can	  result	  in	  adverse	  effects.	  	  	  	  Soils	  are	  exposed	  to	  calcium	  when	  stabilized	  with	  lime	  or	  Portland	  cement	  materials.	  	  When	  sulfates	  react	  with	  calcium	  it	  can	  induce	  heave	  in	  the	  soil.	  	  This	  heave	  is	  caused	  by	  the	  mineral	  ettringite.	  	  Ettringite	  is	  formed	  during	  the	  reaction	  of	  calcium	  with	  aluminates	  and	  soluble	  sulfates,	  and	  will	  induce	  heave	  in	  soils	  when	  exposed	  to	  moisture	  (hydration).	  	  Varying	  moisture	  exposure	  from	  seasonal	  changes	  to	  ettringite	  will	  cause	  cracking	  in	  pavement	  and	  concrete	  structures,	  and	  potentially	  to	  the	  point	  in	  which	  rehabilitation	  is	  necessary.	  	  The	  ever-­‐increasing	  issue	  of	  heave	  in	  construction	  projects	  has	  prompted	  research	  in	  developing	  alternatives	  to	  lime	  and	  Portland	  cement	  for	  stabilization.	  	  One	  promising	  alternative	  to	  replacing	  lime	  and	  Portland	  cement	  as	  a	  soil	  stabilizers	  is	  the	  use	  of	  geopolymers.	  	  Geopolymers	  are	  inorganic	  polymers	  that	  are	  formed	  by	  the	  reaction	  of	  an	  alkaline	  solution	  with	  an	  aluminosilicate	  source.	  	  As	  with	  conventional	  polymerization,	  the	  geopolymer	  synthesis	  process	  involves	  forming	  monomers	  in	  a	  solution,	  then	  thermally	  triggering	  them	  to	  form	  a	  solid	  
 12 
polymer.	  	  	  When	  hardened,	  the	  material	  becomes	  amorphous	  and	  achieves	  comparable	  mechanical	  properties	  to	  conventional	  soil	  stabilizers.	  	  The	  pozzolanic	  reaction	  will	  continue	  as	  long	  as	  calcium	  is	  present	  in	  the	  soil	  (the	  more	  calcium	  present,	  the	  more	  likely	  a	  sulfate	  rich	  soil	  will	  induce	  heave).	  	  Eliminating	  calcium	  from	  the	  stabilizer	  could	  eliminate	  the	  potential	  of	  heave	  occurring,	  which	  has	  prompted	  researchers	  to	  find	  alternative	  materials.	  	  Geopolymers	  make	  better	  stabilizers	  for	  sulfate-­‐rich	  swelling	  soils	  because	  they	  are	  non-­‐calcium-­‐based	  cementitious	  materials	  Researchers	  have	  conducted	  studies	  on	  alternative	  materials	  like	  Fly	  Ash	  and	  Metakaolin	  to	  replace	  calcium-­‐based	  products,	  which	  will	  still	  effectively	  reduce	  plasticity	  and	  moisture	  content,	  and	  improve	  the	  stability	  of	  the	  treated	  soil.	  	  These	  alternative	  materials	  are	  considered	  to	  be	  more	  environmentally	  friendly,	  or	  “green”,	  than	  calcium-­‐based	  products.	  	  Research	  shows	  that	  for	  every	  one	  ton	  of	  Portland	  cement	  manufactured,	  one	  ton	  of	  carbon	  emissions	  are	  released.	  	  Thus,	  replacing	  calcium	  products	  with	  a	  material	  like	  Metakaolin	  will	  have	  a	  more	  positive	  impact	  on	  the	  environment.	  	  The	  goal	  of	  this	  project	  was	  to	  verify	  the	  feasibility	  of	  using	  metakaolin-­‐based	  geopolymer	  for	  stabilizing	  sulfate-­‐rich	  soils	  through	  experimental	  tests	  on	  the	  unconfined	  compressive	  strength	  and	  swelling	  potential	  of	  stabilized	  soil	  samples.	  	  These	  tests	  yield	  the	  following	  parameters	  essential	  for	  determining	  the	  feasibility	  of	  the	  metakaolin-­‐based	  geopolymer	  as	  an	  effective	  stabilizer	  for	  sulfate-­‐rich	  soils:	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• Unconfined	  Compressive	  Strength	  	  
• Failure	  Strain	  	  
• Modulus	  of	  Elasticity	  	  
• Volumetric	  Strain	  	  
• Vertical	  Strain	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Chapter	  2:	  Background	  
2.1.	  Sulfate-­‐rich	  soils	  
	   Naturally	  sulfate-­‐rich	  soils	  can	  be	  found	  in	  arid	  and	  semi-­‐arid	  regions	  all	  over	  the	  world.	  	  In	  the	  United	  States,	  sulfate	  concentrations	  in	  soils	  are	  highest	  West	  of	  the	  Mississippi	  River,	  particularly	  in	  the	  South	  Western	  region.	  	  	  
 
Figure	  1:	  United	  States	  locations	  of	  soils	  concentrated	  in	  Gypsum.	  	  Copyright	  Kota	  et	  al.,	  1996. 
	  Most	  naturally	  occurring	  sulfate	  is	  found	  in	  minerals	  such	  as	  calcium	  sulfate,	  sodium	  sulfate	  and	  magnesium	  sulfate.	  Calcium	  sulfate,	  which	  is	  also	  known	  as	  gypsum,	  is	  the	  primary	  source	  of	  sulfate	  throughout	  the	  United	  States1.	  Other	  sources	  of	  sulfate	  include	  oxidation	  and	  chemical	  reactions	  within	  the	  soil.	  Sulfate	  concentrations	  can	  vary	  dramatically	  over	  an	  area	  and	  can	  even	  change	  with	  the	  seasons.	  During	  the	  rainy	  season	  sulfates	  in	  the	  topsoil	  dissolve	  and	  sink	  into	  lower	  layers	  of	  soil	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increasing	  their	  sulfate	  concentration.	  However,	  in	  the	  dry	  season	  evaporation	  causes	  the	  sulfates	  to	  be	  drawn	  back	  into	  the	  topsoil2.	  	  	  Sulfates	  are	  salts	  of	  sulfuric	  acid.	  The	  anion	  for	  sulfate	  is	  composed	  of	  one	  central	  sulfur	  atom	  with	  four	  equivalent	  oxygen	  atoms	  surrounding	  it.	  Sulfate	  has	  a	  negative	  charge	  of	  two	  and	  thus	  reacts	  with	  cations	  to	  form	  sulfate	  compounds.	  When	  conventional	  calcium-­‐based	  stabilizers	  (such	  as	  lime	  or	  cement)	  are	  used	  in	  stabilizing	  sulfate-­‐rich	  soils,	  the	  calcium	  cation	  reacts	  with	  the	  sulfate	  anion	  to	  form	  a	  mineral	  called	  ettringite,	  which	  can	  expand	  significantly	  when	  exposed	  to	  moisture	  causing	  Lime-­‐induced	  heave.	  	  	  	  	  Soils	  can	  be	  classified	  into	  three	  levels	  based	  on	  their	  sulfate	  content.	  	  Zero	  to	  3,000	  parts	  per	  million	  (PPM)	  is	  the	  lowest	  level	  and	  requires	  no	  treatment.	  The	  next	  level	  is	  3,000	  PPM	  to	  8,000	  PPM,	  which	  can	  be	  treated	  with	  lime	  and	  other	  calcium-­‐based	  materials.	  	  	  Any	  soil	  with	  over	  8,000	  PPM	  sulfate	  is	  considered	  sulfate-­‐rich.	  Using	  lime	  or	  any	  other	  calcium-­‐based	  treatments	  would	  cause	  heave.	  	  	  	  	  	  	  	  	  	  	  	  	  
 
2.2.	  Lime	  Lime	  is	  a	  calcium-­‐based	  inorganic	  material.	  For	  millennia	  it	  has	  been	  used	  as	  a	  building	  and	  an	  engineering	  material.	  It	  is	  first	  extracted	  from	  quarries,	  typically	  in	  the	  form	  of	  limestone	  (CaCO3),	  and	  crushed	  before	  being	  chemically	  altered.	  Heat	  is	  added	  in	  a	  process	  called	  calcination,	  which	  converts	  the	  limestone	  to	  quicklime	  (CaO	  and	  CO2,	  See	  Figure	  2).	  When	  water	  is	  added,	  the	  lime	  becomes	  “slaked”	  and	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mixed	  into	  slurry,	  which	  can	  be	  used	  as	  a	  mortar	  or	  added	  to	  cement	  to	  increase	  adhesion.	  	  
 
Figure	  2:	  Pieces	  of	  Calcium	  oxide	  (a.k.a.	  quicklime).	  Copyright	  Worktop	  Factory	  Ltd	  2014.	  
 A	  common	  construction	  application	  of	  lime	  is	  in	  soil	  stabilization.	  Mixing	  lime	  is	  a	  more	  cost	  effective	  way	  to	  improve	  load-­‐bearing	  capacity	  and	  stability	  of	  soil	  than	  to	  remove	  it	  all	  and	  replace	  it	  with	  granular	  soil3.	  When	  the	  lime	  is	  added	  to	  the	  soil,	  complex	  chemical	  reactions	  known	  as	  pozzolanic	  processes	  occur,	  creating	  stable	  calcium	  silicate	  hydrates	  and	  calcium	  aluminate	  hydrates.	  These	  reactions	  can	  continue	  for	  decades,	  continuously	  strengthening	  the	  subgrade	  soil	  for	  years	  following	  the	  completion	  of	  construction.	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2.3.	  Portland	  cement	  




Figure	  3:	  Ordinary	  Porltand	  cement	  powder.	  
	  
2.4.	  Lime	  and	  Portland	  cement	  Production	  
 	   As	  mentioned	  in	  previous	  sections,	  lime	  and	  Portland	  cement	  are	  widely	  used	  materials	  in	  engineering	  and	  construction	  practice.	  	  However,	  the	  production	  process	  for	  these	  materials	  is	  incredibly	  energy	  intensive.	  	  For	  instance,	  it	  has	  been	  proven	  that	  for	  every	  one	  ton	  of	  Portland	  cement	  produced,	  approximately	  one	  ton	  
 19 
of	  CO2	  is	  emitted5.	  	  Sources	  of	  CO2	  emissions	  from	  Portland	  cement	  production	  typically	  are	  divided	  into	  three	  categories:	  1) CO2	  from	  decarbonation	  of	  limestone	  2) CO2	  from	  kiln	  fuel	  combustion	  3) CO2	  from	  vehicles	  in	  cement	  plants	  and	  distribution	  The	  main	  sources	  of	  CO2	  emissions	  derive	  from	  source	  1	  and	  2.	  	  The	  efficiency	  of	  kiln	  fuel	  combustion	  varies	  from	  each	  plant,	  while	  the	  emission	  rate	  of	  decarbonating	  limestone	  is	  relatively	  constant.	  	  A	  typical	  cement	  production	  plant	  is	  shown	  below	  in	  Figure	  4.	  
 
Figure	  4:	  Cement	  production	  plant	  in	  New	  South	  Wales,	  Austrailia.	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Lime	  production	  also	  has	  its	  inefficiencies.	  	  Limestone	  must	  be	  extracted	  from	  mines	  and	  quarries	  and	  broken	  up	  with	  a	  crusher	  plant.	  	  Extraction	  and	  crushing	  involve	  fuel	  combustion,	  thus	  leading	  to	  CO2	  emissions.	  	  After	  it	  is	  crushed,	  it	  is	  transported	  to	  a	  production	  plant,	  where	  it	  must	  be	  preheated	  and	  calcined	  in	  a	  kiln6.	  	  During	  this	  process	  the	  limestone	  turns	  into	  quicklime	  and	  CO2,	  as	  noted	  in	  section	  2.2.	  	  Figure	  5	  outlines	  the	  production	  process	  of	  lime	  products.	  	  	  
	  
Figure	  5:	  Lime	  production	  process.	  Copyright	  National	  Lime	  Association.	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For	  these	  reasons,	  scientists	  and	  engineers	  are	  developing	  materials	  less	  energy	  intensive	  for	  construction	  industrial	  practices.	  	  
2.5.	  Calcium-­‐Induced	  Heave	  
 As	  mentioned	  earlier,	  the	  calcium	  in	  lime	  and	  Portland	  cement	  is	  a	  cation	  that	  will	  aggressively	  react	  with	  sulfate	  anions	  in	  soil.	  When	  calcium-­‐based	  stabilizers	  are	  used	  to	  stabilize	  sulfate-­‐rich	  soil,	  an	  ionic	  reaction	  occurs	  to	  create	  the	  mineral	  ettringite,	  which	  can	  expand	  over	  100%	  of	  its	  original	  volume7.	  The	  heave	  associated	  with	  this	  expansion	  causes	  infrastructure	  failure.	  	  	  There	  are	  two	  heave	  mechanism	  theories,	  one	  focusing	  on	  crystal	  growth	  and	  the	  other	  on	  swelling	  through	  hydration.	  Heave	  due	  to	  crystal	  growth	  begins	  with	  small	  needle	  shaped	  ettringite	  crystals	  forming	  around	  calcium	  aluminum	  sulfate	  creating	  reaction	  zones	  during	  the	  early	  stage	  of	  cement	  hydration.	  	  Figure	  6	  represents	  an	  SEM	  image	  of	  ettringite	  crystals	  in	  a	  cement	  paste.	  	  When	  these	  reaction	  zones	  intersect	  the	  pressure	  causes	  the	  whole	  system	  to	  swell2.	  	  This	  type	  of	  swelling	  accounts	  for	  very	  little	  of	  the	  noticeable	  heave	  but	  is	  crucial	  for	  ettringite	  formation.	  Swelling	  due	  to	  hydration	  occurs	  because	  the	  ettringite	  crystals'	  net	  negative	  charge	  attracting	  and	  absorbing	  water	  molecules2. 
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Figure	  6:	  SEM	  image	  of	  fractured	  cement	  paste	  and	  ettringite	  crystals.	  Copyright	  FHWA	  2006. 
	  The	  amount	  the	  crystals	  swell	  is	  related	  to	  how	  much	  water	  they	  absorb.	  In	  the	  absence	  of	  lime	  some	  ettringite	  may	  form	  but	  not	  in	  the	  same	  high	  surface	  area	  geometry.	  This	  results	  in	  less	  water	  absorption	  and	  no	  observable	  heave.	  	  
 
2.6.	  Geopolymers	  
 Geopolymers	  are	  an	  emerging	  inorganic	  building	  material	  with	  a	  wide	  range	  of	  properties	  depending	  on	  the	  raw	  materials	  used.	  These	  aluminosilicate	  polymers	  are	  synthesized	  from	  naturally	  forming	  aluminosilicate	  minerals	  hence	  the	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name	  geopolymers.	  The	  silicate	  from	  the	  minerals	  is	  made	  soluble	  using	  a	  sodium	  hydroxide	  solution	  to	  create	  the	  geopolymer.	  	  Geopolymerization	  occurs	  when	  small	  molecules	  are	  combined	  in	  a	  covalently	  bonded	  network.	  	  	  	  The	  geopolymer	  synthesis	  is	  carried	  out	  through	  oligomers	  to	  create	  3D	  polymer	  networks8.	  	  Compared	  to	  the	  energy	  intensive	  and	  costly	  process	  required	  to	  production	  lime	  and	  cement,	  geopolymers	  production	  is	  a	  low	  cost,	  low	  energy,	  low	  CO2	  emission	  process	  that	  results	  in	  a	  strong	  alternative	  to	  traditional	  stabilizers.	  	  	  	  	  
2.6.1.	  Metakaolin	  
 Metakaolin	  is	  the	  dehydroxylated	  (dehydrated)	  form	  of	  the	  clay	  mineral	  kaolinite.	  	  Kaolinite,	  also	  referred	  to	  as	  china	  clay,	  is	  a	  layered	  silicate	  material	  with	  the	  composition	  Al2Si2O5	  (OH)4.	  	  Kaolinite	  forms	  from	  the	  link	  between	  a	  tetrahedral	  sheet	  of	  oxygen	  atoms	  and	  octahedral	  sheet	  of	  alumina9.	  	  In	  order	  for	  metakaolin	  to	  form,	  Kaolinite	  must	  undergo	  dehydration	  from	  thermal	  treatment.	  	  This	  process	  is	  endothermic	  because	  of	  the	  great	  amount	  of	  energy	  required	  to	  remove	  hydroxyl	  ions.	  	  This	  endothermic	  process	  thus	  creates	  a	  long,	  complex,	  amorphous	  structure:	  metakaolin.	  	  Metakaolin	  is	  mainly	  comprised	  of	  amorphous	  silica	  and	  alumina,	  which	  become	  highly	  reactive	  during	  the	  activation	  of	  alkali10.	  	  The	  chemical	  reaction	  of	  kaolinite	  forming	  metakaolin	  looks	  as	  follows:	  2	  Al2Si2O5	  (OH)4	  →	  2	  Al2Si2O7	  +	  2	  H2O	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2.6.2.	  Metakaolin-­‐based	  Geopolymer	  
  Metakaolin	  can	  be	  used	  to	  create	  a	  geopolymer.	  	  Geopolymerization	  will	  occur	  when	  metakaolin	  is	  combined	  with	  an	  alkaline	  solution.	  	  There	  are	  four	  main	  phases	  involved	  in	  metakaolin	  geopolymerization11:	  
• Depolymerization	  of	  the	  poly(silozo)	  layer	  in	  kaolinite;	  
• Formation	  of	  ortho-­‐sialate	  (OH)3-­‐Si-­‐O-­‐Al-­‐(OH)3;	  
• Formation	  of	  ortho-­‐sialate-­‐disiloxo	  cyclic	  structure	  when	  exposed	  to	  waterglass;	  
• Continued	  geopolymerization	  of	  higher	  oligomers	  and	  3D-­‐networks.	  	  The	  chemical	  formula	  for	  a	  typical	  metakaolin-­‐based	  geopolymer	  binder	  looks	  as	  follows12:	   (Na,	  K)-­‐(Si-­‐O-­‐Al-­‐O-­‐Si-­‐O-­‐)	  	   Metakaolin-­‐based	  geopolymers	  have	  ben	  used	  to	  act	  as	  geopolymer	  cements.	  	  These	  products	  typically	  are	  used	  as	  a	  binder	  in	  concrete	  mixes.	  	  These	  geopolymers	  are	  more	  efficient	  to	  manufacture.	  	  As	  previously	  noted,	  the	  production	  of	  one	  ton	  of	  Portland	  cement	  clinker	  yields	  approximately	  one	  ton	  of	  carbon	  dioxide.	  	  Geopolymer	  cements	  do	  not	  require	  calcium	  carbonate,	  thus	  create	  less	  CO2	  during	  production,	  resulting	  in	  a	  reduction	  of	  40%-­‐90%	  CO2	  emissions13.	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Chapter	  3:	  Methodology	  	  
	  
3.1.	  Selection	  of	  Mix	  Design	  	  
	   Upon	  reviewing	  geopolymer	  literature,	  the	  following	  soil	  mix	  designs	  were	  chosen	  for	  testing14:	  	  
• Unstabilized	  	  
• 4	  wt.%	  Lime	  Stabilized	  	  
• 8	  wt.%	  Metakaolin	  Geopolymer	  Stabilized	  	  
• 13	  wt.%	  Metakaolin	  Geopolymer	  Stabilized	  	  	  Each	  of	  these	  mix	  designs	  was	  tested	  at	  three	  different	  sulfate	  levels	  (measured	  in	  parts	  per	  million):	  	  
• 1,000	  ppm	  	  
• 5,000	  ppm	  	  
• 10,000	  ppm	  	  	  
	  	  
3.2.	  Constitute	  Synthetic	  Sulfate-­‐Rich	  Clay	  	  
 First,	  the	  synthetic	  sulfate	  rich	  clay	  was	  constituted	  by	  mixing	  soil	  collected	  from	  a	  construction	  site	  on	  Worcester	  Polytechnic	  Institute	  (WPI)	  campus	  and	  kaolin	  clay	  at	  the	  ratio	  of	  3:	  5.	  The	  specified	  amount	  of	  clay	  and	  collective	  soil	  were	  dry	  mixed	  for	  about	  10	  minutes	  with	  a	  scoop	  for	  a	  homogeneous	  mix.	  Next,	  the	  gypsum	  was	  added	  to	  the	  synthetic	  soil	  at	  the	  ratios	  shown	  in	  Table	  1	  to	  produce	  sulfate-­‐rich	  clayey	  soil.	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Table	  1:	  Mixing	  Formula	  of	  Synthetic	  Sulfate-­‐Rich	  Clay	  with	  varying	  Sulfate	  Content	  
Sulfate	  Content	  	   Composition	  	   Mass	  Ratio	  	  
1000	  ppm	  	   Dry	  Soil:gypsum	  	   1000:1.79	  	  
5000	  ppm	  	   Dry	  Soil:gypsum	  	   1000:8.95	  	  
10000	  ppm	  	   Dry	  Soil:gypsum	  	   1000:17.9	  	  	  	   	  The	  minus	  425	  µm	  fraction	  (or	  passing	  the	  No.	  40	  sieve)	  of	  the	  soil	  has	  a	  plasticity	  index	  (PI)	  of	  15%	  and	  a	  liquid	  limit	  (LL)	  of	  29%15.	  	  Particle	  size	  analysis	  was	  performed	  on	  this	  soil	  by	  following	  the	  standard	  methods16.	  According	  to	  the	  Unified	  Soil	  Classification	  System	  (USCS),	  this	  soil	  is	  a	  CL	  (lean	  clay	  or	  low-­‐plasticity	  clay)14.	  This	  type	  of	  soil	  is	  often	  too	  soft	  and	  weak	  to	  support	  the	  upper	  infrastructures	  in	  constructions.	  Therefore,	  this	  soil	  was	  chosen	  for	  the	  study	  on	  the	  use	  of	  geopolymer	  as	  a	  soil	  stabilizer.	  Standard	  Proctor	  compaction	  tests17	  were	  also	  performed	  on	  the	  soil	  to	  determine	  the	  maximum	  dry	  density	  (ρmax)	  and	  the	  optimum	  water	  content	  (OWC).	  Previous	  research	  showed	  that	  the	  ρmax	  and	  OWC	  of	  the	  soil	  are	  not	  appreciably	  affected	  by	  the	  addition	  of	  the	  geopolymer	  precursor,	  so	  the	  ρmax	  of	  1.8	  g/cm3	  and	  OWC	  of	  15%	  of	  unstabilized	  soil	  were	  used	  to	  prepare	  all	  the	  soil	  specimens	  in	  this	  study	  for	  consistency	  and	  practical	  consideration14.	  
3.3.	  Geopolymer	  Synthesis	  	  




Table	  2:	  Geopolymer	  Recipe	  
Metakaolin	  (g)	  	  Sodium	  silicate	  (mL)	  	  50%	  NaOH	  (mL)	  	  Distilled	  Water	  (mL)	  	  
100	  	   90	  	   25	  	   10	  	  	  	  	   To	  synthesize	  the	  geopolymer,	  first	  the	  liquids	  were	  measured	  out	  using	  graduated	  cylinders.	  The	  concentrations	  of	  sodium	  silicate	  and	  sodium	  hydroxide	  are	  displayed	  in	  Table	  3.	  They	  were	  mixed	  together	  in	  a	  200	  mL	  beaker	  with	  a	  glass	  stirrer.	  Due	  to	  an	  exothermic	  reaction	  occurring,	  the	  beaker	  was	  be	  warm	  to	  the	  touch	  and	  had	  to	  be	  handled	  with	  care.	  The	  activator	  solution	  was	  then	  allowed	  to	  cool	  for	  thirty	  minutes	  before	  the	  metakaolin	  was	  added.	  The	  chemical	  composition	  of	  metakaolin	  is	  detailed	  in	  Table	  4.	  	  
	  	  
Table	  3:	  Activator	  Solution	  Concentration	  
	  	   Concentration	  	  	  	  	  	  
Sol	  1:	  Sodium	  Silicate	  	   Na2O	  (wt%)	  	   10.60%	  	  
	  	  
	  	   SiO2	  (wt%)	  	   26.50%	  	  
	  	  
	  	   H2O	  (wt%)	  	   62.90%	  	  
	  	  
	  	   Density	  (g/mL)	  	  1.39	  	  
	  	   	  	   	  	  
Sol	  2:	  50%	  Sodium	  Hydroxide	  	  NaOH	  (Wt%)	  	   50.00%	  	  
	  	  
	  	   H2O	  (Wt%)	  	   50.00%	  	  
	  	  




Table	  4:	  Concentration	  of	  Metkaolin-­‐based	  Geopolymer	  
Chemical	  Components	  	  Concentration	  (wt%)	  	  
SiO2	  	   52.20%	  	  
Al2O3	  	   43.11%	  	  
Fe2O3	  	   1.53%	  	  
CaO	  	   0.07%	  	  
MgO	  	   0.06%	  	  
Na2O	  	   0.07%	  	  
K2O	  	   0.22%	  	  
SO3	  	   0.09%	  	  
Moisture	  Content	  	   0.33%	  	  
Loss	  on	  Ignition	  	   0.18%	  	  
	  	   	  The	  activator	  solution	  was	  allowed	  to	  cool	  and	  then	  poured	  into	  a	  larger	  600	  mL	  beaker	  with	  a	  magnetic	  stir	  bar	  and	  placed	  on	  a	  stir	  plate.	  While	  the	  solution	  was	  mixing,	  the	  metakaolin	  was	  added	  slowly,	  allowing	  for	  it	  to	  be	  mixed	  in	  completely	  before	  adding	  more.	  If	  care	  is	  not	  taken	  at	  this	  step,	  the	  geopolymer	  will	  not	  mix	  correctly	  causing	  it	  to	  become	  too	  thick	  and	  dry.	  Once	  all	  the	  metakaolin	  was	  added,	  the	  geopolymer	  was	  mixed	  for	  30	  minutes	  before	  being	  ready	  for	  use.	  	  	  	  
	  	  
3.4.	  Soil	  Stabilization	  
 
The sulfate-rich soil was stabilized with lime and metakaolin-based geopolymer at 
the ratios in Table 5 or left unstabilized as a control. For the lime stabilized soils, the 
sulfate-rich soil and the additives were dry mixed first and water was added during the 
mixing to reach the OMC of 15%. For the geopolymer-stabilized soils, the metakaolin-
based geopolymer was prepared and poured into soils at predetermined concentrations. 
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Then extra water was added to the soil to reach the OMC, and the soil was mixed for 
about 10 minutes to achieve a homogeneous mixture.  	  
Table	  5:	  Constitute	  of	  the	  Sulfate-­‐Rich	  Clay	  Stabilized	  with	  Different	  Additives	  
Sample	  No.	  	   Composition	  	   Mass	  Ratio	  	  
Control-­‐1	  	   Dry	  Soil:gypsum	  	   1000:X	  	  
Control-­‐2	  	   Dry	  Soil:gypsum:lime	  	   1000:X:40	  	  
Treated-­‐1	  	   Dry	  Soil:gypsum:MK	  	   1000:X:80	  	  
Treated-­‐2	  	   Dry	  Soil:gypsum:MK	  	   1000:X:130	  	  
	  	  
	  	  
	  	  	  	   X=1.79,	  8.95,	  or	  17.9	  	  
 
3.5.	  Laboratory	  Testing	  	  	   In	  order	  to	  determine	  the	  mechanical	  properties	  and	  swelling	  properties	  of	  the	  soil	  samples,	  a	  series	  of	  tests	  were	  conducted	  which	  are	  briefly	  described	  in	  the	  following	  sections.	  
3.5.1.	  Unconfined	  Compressive	  Strength	  Sample	  Preparation	  	  The	  soil	  samples	  for	  the	  Unconfined	  Compressive	  Strength	  (UCS)	  test	  were	  prepared	  using	  cylindrical	  molds,	  which	  had	  an	  inner	  diameter	  of	  3.3	  cm	  and	  a	  height	  of	  7.1	  cm	  (see	  Figure	  7).	  The	  height/diameter	  ratio	  of	  2.15	  reduces	  the	  end	  effects	  during	  UCS	  testing.	  
 30 
	  
Figure	  7:	  Cylindrical	  mold	  used	  for	  UCS	  samples.	  













3.5.2.	  Sample	  Curing	  The	  bagged	  samples	  are	  placed	  in	  a	  chamber	  with	  a	  humidifier	  (see	  Figure	  9)	  that	  maintained	  a	  nearly	  constant	  relative	  humidity	  (RH)	  (~40%)	  and	  temperature	  (~23	  °C).	  	  
	  
 
Figure	  9:	  Air-­‐O-­‐Swiss	  humidifier	  used	  in	  the	  curing	  chamber.	  After	  two	  days	  curing,	  the	  specimens	  were	  removed	  from	  the	  plastic	  bag	  and	  allowed	  to	  continue	  curing	  in	  the	  chamber	  until	  UCS	  testing.	  During	  the	  curing	  process,	  the	  weight,	  diameter	  and	  height	  of	  each	  sample	  was	  measured	  at	  the	  following	  time	  intervals:	  right	  after	  extrusion,	  unwrapping	  (i.e.,	  2	  days),	  3,	  5,	  7,	  14,	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21,	  and	  28	  days,	  to	  determine	  its	  volumetric	  changes.	  	  Unwrapped	  samples	  are	  represented	  in	  Figure	  10.	  	  Both	  the	  height	  and	  diameter	  were	  recorded	  as	  the	  average	  of	  three	  measurements.	  	  	  
 









3.5.3.	  Unconfined	  Compressive	  Strength	  Test	  
 After	  the	  samples	  cured	  for	  7	  days	  and	  28	  days,	  they	  were	  assessed	  with	  an	  unconfined	  compressive	  strength	  (UCS)	  test.	  The	  sample	  cylinder	  to	  be	  tested	  was	  placed	  in	  a	  plastic	  bag,	  which	  remained	  open,	  and	  place	  in	  the	  center	  of	  an	  Instron	  Compression	  Machine	  (see	  Figure	  11).	  	  	  
 
Figure	  11:	  Instron	  5567A	  Uniaxial	  Compression	  Machine.	  	   A	  small	  neoprene	  square	  was	  placed	  on	  top	  of	  the	  sample	  to	  ensure	  even	  loading.	  The	  height	  and	  diameter	  were	  input	  into	  the	  Instron	  software,	  as	  well	  as	  a	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loading	  rate	  of	  0.2	  in/in/min.	  The	  program	  continuously	  applied	  the	  load	  until	  failure,	  recording	  position	  and	  load.	  The	  Young’s	  modulus	  (E)	  of	  each	  sample	  was	  derived	  as	  the	  slope	  of	  the	  stress–strain	  curve.	  According	  to	  ASTM	  E-­‐111,	  the	  tangent	  modulus	  or	  chord	  modulus	  of	  the	  stress–strain	  curve	  from	  UCS	  testing	  can	  be	  used	  as	  the	  estimate	  of	  Young’s	  modulus. 	  The	  fractured	  portions	  of	  the	  samples	  were	  used	  for	  microstructural	  morphology	  investigation	  with	  scanning	  electronic	  microscopy	  (SEM).	  For	  mineralogical	  investigation,	  the	  28	  days-­‐cured,	  crushed	  soil	  samples	  were	  ground	  with	  a	  mortar	  and	  pestle,	  and	  10	  g	  ground	  soil	  is	  sieved	  through	  a	  45	  μm	  sieve.	  The	  minus	  45	  μm	  portion	  was	  collected	  and	  kept	  in	  a	  desiccator	  at	  room	  temperature	  until	  XRD	  testing.	  	  
3.5.4.	  Swelling	  Test:	  	  	  The	  sample	  mold	  for	  the	  swelling	  test	  had	  an	  inner	  diameter	  of	  4	  inches	  and	  a	  height	  of	  0.5	  inches.	  The	  mold	  was	  secured	  to	  the	  metal	  plate,	  and	  38	  grams	  of	  mixed	  soil	  was	  added	  and	  compacted	  to	  a	  thickness	  of	  0.5	  inches.	  A	  small	  spatula	  was	  used	  to	  ensure	  the	  sample	  had	  a	  smooth	  surface.	  The	  sample	  was	  then	  placed	  in	  a	  plastic	  bag	  and	  cured	  in	  a	  plastic	  chamber	  that	  was	  equipped	  with	  a	  humidifier	  that	  maintained	  a	  nearly	  constant	  relative	  humidity	  (RH)	  (~40%)	  and	  temperature	  (~23	  °C).	  The	  samples	  were	  removed	  from	  the	  bags	  after	  2	  days,	  and	  then	  allowed	  to	  continue	  to	  cure	  in	  the	  plastic	  chamber	  for	  7	  or	  28	  days	  until	  the	  swelling	  test.	  	  During	  the	  curing	  process,	  the	  weight	  and	  height	  of	  each	  sample	  were	  measured	  at	  the	  following	  time	  intervals:	  right	  after	  being	  made,	  unwrapping	  (i.e.,	  2	  days),	  3,	  5,	  7,	  14,	  21,	  and	  28	  days,	  to	  determine	  its	  volumetric	  changes.	  The	  height	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was	  recorded	  as	  the	  average	  of	  three	  measurements.	  After	  the	  curing	  period	  (7	  days	  or	  28	  days)	  the	  samples	  were	  put	  on	  a	  porous	  stone	  sitting	  in	  a	  pan	  or	  container	  with	  2	  cm	  deep	  water.	  For	  seven	  days	  the	  change	  in	  volume	  was	  monitored	  to	  observe	  swelling	  using	  either	  a	  linear	  variable	  differential	  transformer	  (LVDT)	  or	  a	  dial	  gauge	  (see	  Figure	  12).	  
 
Figure	  12:	  Standard	  dial	  gauge	  used	  for	  measuring	  displacement.	  	  	  	  A	  plastic	  membrane	  was	  placed	  on	  top	  of	  the	  samples	  to	  ensure	  even	  measurements.	  The	  change	  in	  volume	  was	  recorded	  every	  hour	  for	  the	  first	  eight	  hours	  and	  then	  every	  twenty-­‐four	  hours	  after	  that	  for	  seven	  days.	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Chapter	  4:	  Results	  and	  Analysis	  
4.1.	  Volumetric	  Changes	  
 	   The	  volumetric	  strain	  was	  used	  to	  quantify	  the	  volumetric	  change	  of	  the	  soil	  samples	  during	  the	  curing	  process.	  	  Volumetric	  strain	  is	  calculated	  by	  dividing	  the	  volume	  at	  any	  time	  measured	  during	  curing	  by	  the	  difference	  in	  measured	  volume	  and	  original	  volume.	  	  Equation	  1	  shows	  this.	  Vi	  represents	  the	  volume	  at	  any	  time	  measured	  during	  curing.	  	  Vo	  represents	  the	  original	  volume	  of	  the	  specimen.	  	  	  	  




Figure	  13:	  Volumetric	  strain	  of	  8	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  during	  7	  day	  curing.	  
 
 
















Volumetric	  Strain	  of	  Sulfate	  Rich	  Soil	  Stabilized	  with	  8%	  
Metakaolin	  Based	  Geopolymer	  (7	  day	  cure)	  
1000ppm	  Gypsum	  5000ppm	  Gypsum	  10000ppm	  Gypsum	  












Volumetric	  Strain	  of	  Sulfate	  Rich	  Soil	  Stabilized	  with	  13%	  
Metakaolin	  Based	  Geopolymer	  (7	  day	  cure)	  
1000ppm	  Gypsum	  5000ppm	  Gypsum	  10000ppm	  Gypsum	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   Soil	  samples	  that	  were	  cured	  for	  28	  days	  reached	  a	  threshold	  in	  volumetric	  strain.	  	  After	  7	  days	  the	  samples	  continues	  to	  undergo	  shrinkage,	  until	  reaching	  a	  relatively	  constant	  rate	  after	  10	  days	  of	  curing.	  	  Figures	  15	  and	  16	  depict	  the	  volumetric	  strain	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  cured	  for	  28	  days.	  	  In	  general,	  samples	  with	  a	  higher	  concentration	  of	  metakaolin-­‐based	  geopolymer	  were	  less	  likely	  to	  experience	  shrinkage18.	  	  Metakaolin	  is	  known	  to	  have	  low	  shrinkage	  potential,	  however,	  the	  data	  is	  somewhat	  unclear	  and	  further	  analysis	  should	  be	  conducted	  in	  the	  future.	  	  	  	  
 
Figure	  15:	  Volumetric	  strain	  of	  8	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  during	  28	  day	  
curing.	  
 












Volumetric	  Strain	  of	  Sulfate	  Rich	  Soil	  Stabilized	  with	  8%	  
Metakaolin	  Based	  Geopolymer	  (28	  day	  cure)	  
1000ppm	  Gypsum	  5000ppm	  Gypsum	  10000ppm	  Gypsum	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Figure	  16:	  Volumetric	  strain	  of	  13	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  during	  28	  day	  
curing.	  
	  
4.2.	  Mechanical	  Properties	  	  
	   A	  series	  of	  unconfined	  compressive	  strength	  tests	  were	  conducted,	  as	  noted	  in	  the	  Methodology.	  	  	  The	  unconfined	  compressive	  strength	  (UCS),	  failure	  strain	  (ℇf),	  



















Volumetric	  Strain	  of	  Sulfate	  Rich	  Soil	  Stabilized	  with	  13%	  
Metakaolin	  Based	  Geopolymer	  (28	  day	  cure)	  
1000ppm	  Gypsum	  5000ppm	  Gypsum	  10000ppm	  Gypsum	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Figure	  17:	  UCS	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil,	  soil,	  lime-­‐stabilized	  soil,	  and	  Portland	  
cement	  stabilized	  soil	  after	  7-­‐14	  day	  curing.	  
 Samples	  cured	  for	  28	  days	  yielded	  similar	  results	  for	  unconfined	  compressive	  strength.	  	  As	  expected,	  the	  unconfined	  compressive	  strength	  of	  the	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  exceeded	  the	  UCS	  of	  unstabilized	  soil.	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Unconbined	  Compressive	  Strength	  of	  
Sulfate	  Rich	  Soil	  Samples	  (7-­‐14	  day	  cure)	  
1000ppm	  Gypsum	  5000ppm	  Gypsum	  10000ppm	  Gypsum	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Figure	  18:	  UCS	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil,	  soil,	  lime-­‐stabilized	  soil,	  and	  Portland	  
cement	  stabilized	  soil	  after	  28	  day	  curing.	  
 












Unconbined	  Compressive	  Strength	  of	  
Sulfate	  Rich	  Soil	  Samples	  (28	  day	  cure)	  
1000ppm	  Gypsum	  5000ppm	  Gypsum	  10000ppm	  Gypsum	  
 43 
Figure	  19	  shows	  that	  the	  failure	  strain	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  is	  higher	  than	  the	  controls.	  	  An	  increase	  in	  failure	  strain	  of	  a	  material	  will	  result	  in	  an	  increase	  in	  ductility.	  	  Portland	  cement	  is	  an	  extremely	  brittle	  material,	  so	  it	  comes	  as	  no	  surprise	  the	  metakaolin	  enhanced	  the	  ductility	  of	  the	  soil.	  	  	  
	  
 
Figure	  19:	  Failure	  strain	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil,	  soil,	  lime-­‐stabilized	  soil,	  and	  















Failure	  Strain	  of	  Sulfate	  Rich	  Soil	  
Samples	  (7-­‐14	  day	  cure)	  
1000ppm	  Gypsum	  5000ppm	  Gypsum	  10000ppm	  Gypsum	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apparent	  that	  higher	  concentrations	  of	  metakaolin	  result	  in	  a	  higher	  failure	  strain.	  	  These	  trends	  then	  prove	  the	  geopolymer’s	  ability	  to	  make	  soil	  more	  ductile.	  	  
	  
 
Figure	  20:	  Failure	  strain	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil,	  soil,	  lime-­‐stabilized	  soil,	  and	  
Portland	  cement	  stabilized	  soil	  after	  28	  day	  curing.	  
	  	   Modulus	  of	  elasticity	  (or	  Young’s	  Modulus)	  is	  the	  slope	  of	  a	  stress-­‐strain	  curve	  prior	  to	  yield	  strength	  of	  a	  material.	  	  This	  can	  be	  measured	  as	  stress/strain.	  	  Materials	  more	  ductile	  in	  nature	  will	  have	  a	  lower	  modulus	  of	  elasticity.	  	  By	  comparing	  Figures	  21	  and	  22,	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  has	  a	  similar	  modulus	  of	  elasticity	  for	  both	  8	  wt.%	  and	  13	  wt.%	  concentrations.	  	  Since	  Portland	  cement	  and	  lime	  are	  more	  brittle	  in	  nature	  than	  metakaolin-­‐based	  geopolymer,	  the	  resultant	  modulus	  of	  elasticity	  is	  greater.	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Figure	  21:	  Modulus	  of	  elasticity	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil,	  soil,	  lime-­‐stabilized	  soil,	  




Figure	  22:	  Modulus	  of	  elasticity	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil,	  soil,	  lime-­‐stabilized	  soil,	  
and	  Portland	  cement	  stabilized	  soil	  after	  28	  day	  curing.	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  10000ppm	  Gypsum	  
 46 
4.3.	  Swelling	  Properties	  	  
 
 The	  swelling	  tests	  conducted	  for	  this	  experiment	  were	  essential	  for	  understanding	  the	  behavior	  of	  metakaolin-­‐based	  geopolymer	  when	  exposed	  to	  moisture.	  	  As	  indicated	  by	  Figures	  23	  and	  24,	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  stopped	  expansion	  far	  sooner	  than	  lime-­‐stabilized	  soil.	  	  For	  soil	  cured	  for	  28	  days,	  unstabilized	  soil	  was	  not	  included	  in	  the	  results	  since	  not	  much	  significant	  volumetric	  change	  occurs	  between	  7	  and	  28	  days	  curing.	  	  	  
 
 
Figure	  23:	  Shrinkage	  strain	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil,	  soil,	  and	  lime-­‐stabilized	  soil	  
after	  7	  day	  curing.	  
 

















Vertical	  Strain	  of	  Sulfate	  Rich	  Soils	  at	  
10,000	  PPM	  (7	  day	  cure)	  	  
Unstabilized	  4%	  Lime	  8%	  MK	  13%	  MK	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polymer	  gels	  will	  disperse	  more	  throughout	  the	  soil.	  	  This	  correlates	  to	  a	  higher	  concentration	  of	  metakaolin-­‐based	  geopolymer	  swelling	  less.	  	  	  	  
 
Figure	  24:	  Shrinkage	  strain	  of	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  and	  lime-­‐stabilized	  soil	  after	  
28	  day	  curing.	  
	  
4.4.	  Scanning	  Electron	  Microscopy	  	  


















Vertical	  Strain	  of	  Sulfate	  Rich	  Soils	  at	  
10,000	  PPM	  (28	  day	  cure)	  
4%	  Lime	  8%	  MK	  13%	  MK	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Figure	  25:	  SEM	  images	  of	  8	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  of	  1000	  ppm	  sulfate	  after	  




Figure	  26:	  SEM	  images	  of	  8	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  of	  5000	  ppm	  sulfate	  after	  






Figure	  27:	  SEM	  images	  of	  8	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  samples	  of	  10000	  ppm	  sulfate	  
after	  7	  day	  curing.	  
 




Figure	  28:	  SEM	  images	  of	  13	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  samples	  of	  1000	  ppm	  sulfate	  








Figure	  29:	  SEM	  images	  of	  13	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  samples	  of	  5000	  ppm	  sulfate	  




samples	  could	  be	  a	  result	  of	  an	  incomplete	  mix.	  	  This	  is	  something	  to	  take	  note	  of	  for	  future	  testing.	  	  These	  large	  grains	  can	  be	  seen	  in	  Figures	  30-­‐32	  at	  10000x	  resolution.	  	  
 
Figure	  30:	  SEM	  images	  of	  13	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  samples	  of	  1000	  ppm	  sulfate	  






Figure	  31:	  SEM	  images	  of	  13	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  samples	  of	  5000	  ppm	  sulfate	  






Figure	  32:	  SEM	  images	  of	  13	  wt.%	  metakaolin-­‐based	  geopolymer-­‐stabilized	  samples	  of	  10000	  ppm	  
sulfate	  after	  28	  day	  curing.	  




Chapter	  5:	  Discussion	  
 After	  the	  completion	  of	  the	  experimentation	  and	  analysis,	  it	  can	  be	  proven	  that	  metakaolin-­‐based	  geopolymer	  can	  act	  as	  a	  substitute	  for	  lime	  as	  a	  soil	  stabilizer	  in	  sulfate-­‐rich	  environments.	  	  In	  a	  society	  where	  infrastructure	  is	  in	  constant	  need	  of	  reparation,	  any	  advancement	  in	  the	  civil	  engineering	  industry	  will	  not	  go	  unrecognized.	  	  This	  is	  how	  geopolymers	  become	  prevalent.	  	  Geopolymer	  studies	  are	  at	  the	  forefront.	  	  Portland	  cement	  is	  the	  most	  widely	  used	  material	  in	  the	  whole	  world.	  	  Finding	  a	  natural	  material	  that	  could	  be	  used	  to	  replace	  lime	  as	  a	  stabilizer,	  or	  be	  an	  admixture	  to	  concrete	  mix	  can	  decrease	  CO2	  for	  fabricators.	  	  	  	  	  	  	  	   At	  the	  completion	  of	  the	  unconfined	  compressive	  strength	  test,	  it	  was	  confirmed	  that	  metakaolin-­‐based	  geopolymer-­‐stabilized	  soil	  had	  similar	  compressive	  strength	  as	  lime	  stabilized	  soil,	  all	  while	  making	  soil	  more	  ductile.	  	  The	  main	  objective	  of	  the	  study	  was	  determining	  if	  metakaolin-­‐based	  geopolymer	  could	  stop	  sulfate-­‐rich	  soils	  from	  swelling	  while	  enhancing	  its	  strength	  and	  stiffness.	  	  After	  a	  series	  of	  tests	  at	  the	  highest	  sulfate	  concentration	  (10,000ppm)	  it	  can	  be	  concluded	  that	  metakaolin-­‐based	  geopolymer	  stops	  sulfate-­‐rich	  soils	  from	  swelling	  sooner	  than	  lime,	  and	  experienced	  less	  vertical	  strain	  during	  the	  swelling	  test.	  	  The	  swelling	  test	  proved	  that	  metakaolin-­‐based	  geopolymer	  could	  truly	  act	  as	  a	  pozzolan.	  	   At	  the	  completion	  of	  the	  project,	  the	  group	  can	  provide	  recommendations	  to	  future	  tests	  regarding	  metakaolin-­‐based	  geopolymer	  as	  a	  soil	  stabilizer.	  	  For	  the	  preparation	  of	  soil	  samples,	  a	  mechanical	  mixer	  is	  recommended.	  	  While	  mixing	  the	  recipes	  by	  hand	  can	  suffice,	  an	  automated	  mixer	  would	  likely	  make	  a	  more	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homogenous	  mix.	  	  Another	  issue	  with	  the	  testing	  process	  is	  the	  human	  error	  in	  measuring	  the	  samples	  during	  curing.	  	  There	  could	  be	  discrepancies	  in	  the	  data	  based	  on	  measurements	  with	  the	  dial	  calipers,	  depending	  on	  the	  person	  using	  them.	  	   For	  future	  tests,	  it	  is	  recommended	  to	  test	  soils	  at	  different	  metakaolin-­‐based	  geopolymer	  concentrations	  than	  the	  ones	  used	  in	  this	  test.	  	  Varying	  concentrations	  of	  lime	  or	  Portland	  cement	  could	  generate	  more	  results	  to	  validate	  the	  ability	  of	  metakaolin-­‐based	  geopolymer	  to	  act	  as	  a	  soil	  stabilizer.	  	  Other	  tests	  to	  consider	  would	  be	  evaluating	  different	  geopolymers	  synthesized	  from	  other	  raw	  materials	  as	  industrial	  wastes.	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Appendix	  A:	  7	  day	  curing	  UCS	  samples	  
 Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK804	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK805	   0.00%	   0.00%	   0.00%	  MK806	   0.00%	   0.00%	   0.00%	  
1	  
MK804	   0.00%	  
-­‐0.09%	   0.000891115	  
0.06%	  
0.07%	   0.000204852	  
0.06%	  
-­‐0.11%	   0.001771982	  MK805	   -­‐0.18%	   0.06%	   -­‐0.29%	  MK806	   -­‐0.10%	   0.10%	   -­‐0.11%	  
2	  
MK804	   0.00%	  
-­‐0.08%	   0.00067134	  
-­‐0.04%	  
0.02%	   0.000547221	  
-­‐0.04%	  
-­‐0.13%	   0.000826494	  MK805	   -­‐0.10%	   0.02%	   -­‐0.18%	  MK806	   -­‐0.13%	   0.07%	   -­‐0.18%	  
3	  
MK804	   -­‐0.15%	  
-­‐0.18%	   0.00025297	  
-­‐0.30%	  
-­‐0.37%	   0.001350534	  
-­‐0.61%	  
-­‐0.72%	   0.001378214	  MK805	   -­‐0.20%	   -­‐0.27%	   -­‐0.68%	  MK806	   -­‐0.18%	   -­‐0.52%	   -­‐0.87%	  
5	  
MK804	   -­‐0.51%	  
-­‐0.35%	   0.001532198	  
-­‐0.57%	  
-­‐0.66%	   0.001086952	  
-­‐1.58%	  
-­‐1.34%	   0.002089559	  MK805	   -­‐0.20%	   -­‐0.78%	   -­‐1.18%	  MK806	   -­‐0.33%	   -­‐0.62%	   -­‐1.27%	  
7	  
MK804	   -­‐0.43%	  
-­‐0.47%	   0.00073123	  
-­‐0.69%	  
-­‐0.71%	   0.000815521	  
-­‐1.55%	  
-­‐1.64%	   0.002209746	  MK805	   -­‐0.56%	   -­‐0.79%	   -­‐1.90%	  MK806	   -­‐0.43%	   -­‐0.63%	   -­‐1.48%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK854	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK855	   0.00%	   0.00%	   0.00%	  MK856	   0.00%	   0.00%	   0.00%	  
1	  
MK854	   0.00%	  
-­‐0.03%	   0.001549328	  
-­‐0.25%	  
-­‐0.14%	   0.001020142	  
-­‐0.25%	  
-­‐0.21%	   0.003446969	  MK855	   0.10%	   -­‐0.05%	   0.16%	  MK856	   -­‐0.20%	   -­‐0.12%	   -­‐0.53%	  
2	  
MK854	   -­‐0.05%	  
-­‐0.09%	   0.001441037	  
-­‐0.20%	  
-­‐0.12%	   0.000903808	  
-­‐0.31%	  
-­‐0.30%	   0.003287746	  MK855	   0.03%	   -­‐0.02%	   0.03%	  MK856	   -­‐0.25%	   -­‐0.12%	   -­‐0.63%	  
3	  
MK854	   -­‐0.03%	  
-­‐0.08%	   0.000814188	  
-­‐0.64%	  
-­‐0.49%	   0.001409583	  
-­‐0.70%	  
-­‐0.66%	   0.000976898	  MK855	   -­‐0.05%	   -­‐0.44%	   -­‐0.54%	  MK856	   -­‐0.18%	   -­‐0.37%	   -­‐0.73%	  
5	  
MK854	   -­‐0.03%	  
-­‐0.16%	   0.001277811	  
-­‐0.92%	  
-­‐0.76%	   0.001348056	  
-­‐0.97%	  
-­‐1.08%	   0.001355972	  MK855	   -­‐0.28%	   -­‐0.68%	   -­‐1.23%	  MK856	   -­‐0.18%	   -­‐0.69%	   -­‐1.04%	  
7	  
MK854	   -­‐0.46%	  
-­‐0.37%	   0.001251364	  
-­‐0.94%	  
-­‐0.80%	   0.001177877	  
-­‐1.84%	  
-­‐1.54%	   0.003305174	  MK855	   -­‐0.23%	   -­‐0.73%	   -­‐1.19%	  MK856	   -­‐0.43%	   -­‐0.74%	   -­‐1.59%	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   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK8104	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK8105	   0.00%	   0.00%	   0.00%	  MK8106	   0.00%	   0.00%	   0.00%	  
1	  
MK8104	   -­‐0.10%	  
-­‐0.07%	   0.000387227	  
-­‐0.11%	  
-­‐0.03%	   0.000798317	  
-­‐0.32%	  
-­‐0.17%	   0.001281117	  MK8105	   -­‐0.03%	   -­‐0.03%	   -­‐0.09%	  MK8106	   -­‐0.08%	   0.05%	   -­‐0.11%	  
2	  
MK8104	   -­‐0.13%	  
-­‐0.09%	   0.000814556	  
-­‐0.06%	  
-­‐0.05%	   6.35764E-­‐05	  
-­‐0.31%	  
-­‐0.24%	   0.00168911	  MK8105	   0.00%	   -­‐0.05%	   -­‐0.05%	  MK8106	   -­‐0.15%	   -­‐0.06%	   -­‐0.36%	  
3	  
MK8104	   -­‐0.13%	  
-­‐0.12%	   0.00063707	  
-­‐0.24%	  
-­‐0.23%	   0.000443885	  
-­‐0.49%	  
-­‐0.47%	   0.001712174	  MK8105	   -­‐0.05%	   -­‐0.18%	   -­‐0.28%	  MK8106	   -­‐0.18%	   -­‐0.27%	   -­‐0.62%	  
5	  
MK8104	   -­‐0.10%	  
-­‐0.16%	   0.000636666	  
-­‐0.49%	  
-­‐0.46%	   0.000318208	  
-­‐0.69%	  
-­‐0.78%	   0.000953029	  MK8105	   -­‐0.15%	   -­‐0.46%	   -­‐0.76%	  MK8106	   -­‐0.23%	   -­‐0.43%	   -­‐0.88%	  
7	  
MK8104	   -­‐0.43%	  
-­‐0.35%	   0.000913041	  
-­‐0.32%	  
-­‐0.31%	   0.000663377	  
-­‐1.18%	  
-­‐1.02%	   0.002362174	  MK8105	   -­‐0.25%	   -­‐0.24%	   -­‐0.75%	  MK8106	   -­‐0.38%	   -­‐0.37%	   -­‐1.13%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK1304	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK1305	   0.00%	   0.00%	   0.00%	  MK1306	   0.00%	   0.00%	   0.00%	  
1	  
MK1304	   0.28%	  
0.23%	   0.000443489	  
0.27%	  
0.10%	   0.001574445	  
0.83%	  
0.56%	   0.002421509	  MK1305	   0.20%	   -­‐0.05%	   0.36%	  MK1306	   0.20%	   0.08%	   0.49%	  
2	  
MK1304	   0.23%	  
0.19%	   0.000588273	  
0.23%	  
0.13%	   0.001177592	  
0.69%	  
0.52%	   0.002328489	  MK1305	   0.13%	   0.00%	   0.25%	  MK1306	   0.23%	   0.15%	   0.61%	  
3	  
MK1304	   0.25%	  
0.17%	   0.000779118	  
0.00%	  
-­‐0.11%	   0.001445559	  
0.51%	  
0.23%	   0.00289607	  MK1305	   0.10%	   -­‐0.27%	   -­‐0.07%	  MK1306	   0.15%	   -­‐0.05%	   0.26%	  
5	  
MK1304	   0.18%	  
0.06%	   0.001059798	  
-­‐0.08%	  
-­‐0.23%	   0.001816432	  
0.28%	  
-­‐0.12%	   0.00346824	  MK1305	   0.03%	   -­‐0.44%	   -­‐0.38%	  MK1306	   -­‐0.03%	   -­‐0.19%	   -­‐0.24%	  
7	  
MK1304	   0.10%	  
0.04%	   0.001027315	  
-­‐0.14%	  
-­‐0.33%	   0.002244397	  
0.06%	  
-­‐0.24%	   0.002685117	  MK1305	   0.10%	   -­‐0.58%	   -­‐0.37%	  MK1306	   -­‐0.08%	   -­‐0.27%	   -­‐0.42%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK1354	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK1355	   0.00%	   0.00%	   0.00%	  MK1356	   0.00%	   0.00%	   0.00%	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1	  
MK1354	   0.30%	  
0.14%	   0.001784416	  
0.10%	  
0.05%	   0.00080581	  
0.71%	  
0.32%	   0.004351666	  MK1355	   0.15%	   0.08%	   0.39%	  MK1356	   -­‐0.05%	   -­‐0.05%	   -­‐0.15%	  
2	  
MK1354	   0.28%	  
0.16%	   0.001279088	  
0.14%	  
0.08%	   0.000571854	  
0.70%	  
0.40%	   0.003134788	  MK1355	   0.18%	   0.08%	   0.44%	  MK1356	   0.03%	   0.02%	   0.07%	  
3	  
MK1354	   0.23%	  
0.08%	   0.001414598	  
-­‐0.14%	  
-­‐0.19%	   0.000837001	  
0.32%	  
-­‐0.04%	   0.003548229	  MK1355	   -­‐0.05%	   -­‐0.29%	   -­‐0.39%	  MK1356	   0.05%	   -­‐0.15%	   -­‐0.05%	  
5	  
MK1354	   -­‐0.05%	  
-­‐0.05%	   0.000253647	  
-­‐0.39%	  
-­‐0.38%	   0.000698303	  
-­‐0.49%	  
-­‐0.48%	   0.001198846	  MK1355	   -­‐0.08%	   -­‐0.44%	   -­‐0.59%	  MK1356	   -­‐0.03%	   -­‐0.30%	   -­‐0.35%	  
7	  
MK1354	   -­‐0.20%	  
-­‐0.17%	   0.000816103	  
-­‐0.68%	  
-­‐0.52%	   0.00158741	  
-­‐1.08%	  
-­‐0.85%	   0.003026497	  MK1355	   -­‐0.23%	   -­‐0.52%	   -­‐0.97%	  MK1356	   -­‐0.08%	   -­‐0.36%	   -­‐0.51%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK13104	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK13105	   0.00%	   0.00%	   0.00%	  MK13106	   0.00%	   0.00%	   0.00%	  
1	  
MK13104	   0.33%	  
0.20%	   0.001779201	  
0.55%	  
0.18%	   0.003154924	  
1.21%	  
0.59%	   0.006013405	  MK13105	   0.00%	   0.01%	   0.01%	  MK13106	   0.28%	   -­‐0.01%	   0.55%	  
2	  
MK13104	   0.36%	  
0.25%	   0.001490881	  
0.56%	  
0.20%	   0.003103805	  
1.27%	  
0.69%	   0.005387108	  MK13105	   0.08%	   0.06%	   0.21%	  MK13106	   0.30%	   -­‐0.01%	   0.60%	  
3	  
MK13104	   0.36%	  
0.16%	   0.002038679	  
0.33%	  
0.01%	   0.002750181	  
1.05%	  
0.34%	   0.006494846	  MK13105	   -­‐0.05%	   -­‐0.13%	   -­‐0.23%	  MK13106	   0.18%	   -­‐0.16%	   0.19%	  
5	  
MK13104	   0.41%	  
0.09%	   0.003175336	  
0.16%	  
-­‐0.18%	   0.002915959	  
0.98%	  
0.00%	   0.009114035	  MK13105	   -­‐0.23%	   -­‐0.37%	   -­‐0.83%	  MK13106	   0.08%	   -­‐0.31%	   -­‐0.16%	  
7	  
MK13104	   0.41%	  
0.03%	   0.003382241	  
0.02%	  
-­‐0.35%	   0.00326019	  
0.84%	  












                                                                                                                                            
Appendix	  B:	  28	  day	  curing	  UCS	  samples	  
 Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK801	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK802	   0.00%	   0.00%	   0.00%	  MK803	   0.00%	   0.00%	   0.00%	  
1	  
MK801	   -­‐0.13%	  
0.04%	   0.001651796	  
-­‐0.13%	  
-­‐0.01%	   0.001095319	  
-­‐0.38%	  
0.07%	   0.004391945	  MK802	   0.20%	   0.08%	   0.49%	  MK803	   0.05%	   0.01%	   0.11%	  
2	  
MK801	   -­‐0.03%	  
0.02%	   0.000733087	  
-­‐0.07%	  
0.00%	   0.000656893	  
-­‐0.12%	  
0.04%	   0.001925396	  MK802	   0.10%	   0.05%	   0.25%	  MK803	   -­‐0.03%	   0.04%	   -­‐0.02%	  
3	  
MK801	   -­‐0.18%	  
-­‐0.15%	   0.001162887	  
-­‐0.44%	  
-­‐0.29%	   0.001332413	  
-­‐0.79%	  
-­‐0.59%	   0.003000387	  MK802	   -­‐0.03%	   -­‐0.19%	   -­‐0.24%	  MK803	   -­‐0.25%	   -­‐0.23%	   -­‐0.73%	  
5	  
MK801	   -­‐0.36%	  
-­‐0.36%	   0.001143618	  
-­‐0.75%	  
-­‐0.62%	   0.00165012	  
-­‐1.45%	  
-­‐1.35%	   0.003627059	  MK802	   -­‐0.25%	   -­‐0.44%	   -­‐0.94%	  MK803	   -­‐0.48%	   -­‐0.69%	   -­‐1.64%	  
7	  
MK801	   -­‐0.30%	  
-­‐0.23%	   0.001776208	  
-­‐0.72%	  
-­‐0.72%	   0.000820521	  
-­‐1.33%	  
-­‐1.18%	   0.004288471	  MK802	   -­‐0.03%	   -­‐0.64%	   -­‐0.69%	  MK803	   -­‐0.36%	   -­‐0.81%	   -­‐1.51%	  
10	  
MK801	   -­‐0.41%	  
-­‐0.38%	   0.00091365	  
-­‐0.70%	  
-­‐0.64%	   0.001580156	  
-­‐1.50%	  
-­‐1.39%	   0.003374777	  MK802	   -­‐0.28%	   -­‐0.46%	   -­‐1.02%	  MK803	   -­‐0.46%	   -­‐0.76%	   -­‐1.66%	  
14	  
MK801	   -­‐0.20%	  
-­‐0.35%	   0.001398474	  
-­‐0.76%	  
-­‐0.70%	   0.000532879	  
-­‐1.16%	  
-­‐1.39%	   0.002423023	  MK802	   -­‐0.36%	   -­‐0.65%	   -­‐1.36%	  MK803	   -­‐0.48%	   -­‐0.69%	   -­‐1.64%	  
21	  
MK801	   -­‐0.36%	  
-­‐0.39%	   0.000388174	  
-­‐0.75%	  
-­‐0.62%	   0.001102893	  
-­‐1.45%	  
-­‐1.40%	   0.000924202	  MK802	   -­‐0.38%	   -­‐0.53%	   -­‐1.29%	  MK803	   -­‐0.43%	   -­‐0.59%	   -­‐1.45%	  
28	  
MK801	   -­‐0.48%	  
-­‐0.38%	   0.000877076	  
-­‐0.76%	  
-­‐0.63%	   0.001253252	  
-­‐1.71%	  
-­‐1.38%	   0.002907211	  MK802	   -­‐0.33%	   -­‐0.51%	   -­‐1.17%	  MK803	   -­‐0.33%	   -­‐0.62%	   -­‐1.27%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK851	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK852	   0.00%	   0.00%	   0.00%	  MK853	   0.00%	   0.00%	   0.00%	  
1	  
MK851	   0.05%	  
0.11%	   0.000529335	  
0.01%	  
-­‐0.02%	   0.000360066	  
0.11%	  
0.20%	   0.000719482	  MK852	   0.15%	   -­‐0.06%	   0.25%	  MK853	   0.13%	   -­‐0.02%	   0.23%	  2	   MK851	   0.03%	   0.03%	   0.000147094	   0.05%	   -­‐0.01%	   0.000550455	   0.10%	   0.06%	   0.000572924	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                                                                                                                                            MK852	   0.05%	   -­‐0.02%	   0.08%	  MK853	   0.03%	   -­‐0.06%	   -­‐0.01%	  
3	  
MK851	   -­‐0.20%	  
-­‐0.11%	   0.00119886	  
-­‐0.23%	  
-­‐0.32%	   0.001286764	  
-­‐0.63%	  
-­‐0.54%	   0.002901548	  MK852	   0.03%	   -­‐0.26%	   -­‐0.21%	  MK853	   -­‐0.15%	   -­‐0.47%	   -­‐0.77%	  
5	  
MK851	   -­‐0.38%	  
-­‐0.24%	   0.001300222	  
-­‐0.65%	  
-­‐0.64%	   0.001141565	  
-­‐1.40%	  
-­‐1.11%	   0.003200502	  MK852	   -­‐0.13%	   -­‐0.52%	   -­‐0.77%	  MK853	   -­‐0.20%	   -­‐0.74%	   -­‐1.15%	  
7	  
MK851	   -­‐0.43%	  
-­‐0.21%	   0.001902844	  
-­‐0.77%	  
-­‐0.79%	   0.000223288	  
-­‐1.62%	  
-­‐1.21%	   0.003583665	  MK852	   -­‐0.10%	   -­‐0.82%	   -­‐1.02%	  MK853	   -­‐0.10%	   -­‐0.79%	   -­‐0.99%	  
10	  
MK851	   -­‐0.33%	  
-­‐0.30%	   0.000384238	  
-­‐0.65%	  
-­‐0.60%	   0.001091237	  
-­‐1.30%	  
-­‐1.19%	   0.001794598	  MK852	   -­‐0.25%	   -­‐0.48%	   -­‐0.99%	  MK853	   -­‐0.30%	   -­‐0.68%	   -­‐1.29%	  
14	  
MK851	   -­‐0.30%	  
-­‐0.25%	   0.000668697	  
-­‐0.60%	  
-­‐0.58%	   0.00126957	  
-­‐1.21%	  
-­‐1.08%	   0.002488578	  MK852	   -­‐0.18%	   -­‐0.44%	   -­‐0.80%	  MK853	   -­‐0.28%	   -­‐0.69%	   -­‐1.25%	  
21	  
MK851	   -­‐0.25%	  
-­‐0.18%	   0.000759682	  
-­‐0.49%	  
-­‐0.58%	   0.00082463	  
-­‐1.00%	  
-­‐0.93%	   0.001311473	  MK852	   -­‐0.10%	   -­‐0.58%	   -­‐0.78%	  MK853	   -­‐0.18%	   -­‐0.66%	   -­‐1.01%	  
28	  
MK851	   -­‐0.23%	  
-­‐0.16%	   0.000959503	  
-­‐0.43%	  
-­‐0.56%	   0.001100726	  
-­‐0.89%	  
-­‐0.88%	   0.001626564	  MK852	   -­‐0.05%	   -­‐0.61%	   -­‐0.71%	  MK853	   -­‐0.20%	   -­‐0.63%	   -­‐1.04%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK8101	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK8102	   0.00%	   0.00%	   0.00%	  MK8103	   0.00%	   0.00%	   0.00%	  
1	  
MK8101	   0.00%	  
-­‐0.02%	   0.000292774	  
0.01%	  
0.02%	   0.000160258	  
0.01%	  
-­‐0.01%	   0.000425374	  MK8102	   -­‐0.05%	   0.04%	   -­‐0.06%	  MK8103	   0.00%	   0.01%	   0.01%	  
2	  
MK8101	   0.00%	  
0.10%	   0.000914142	  
0.19%	  
0.04%	   0.001416845	  
0.19%	  
0.24%	   0.0004702	  MK8102	   0.18%	   -­‐0.09%	   0.26%	  MK8103	   0.13%	   0.02%	   0.28%	  
3	  
MK8101	   0.23%	  
0.17%	   0.000525992	  
-­‐0.32%	  
-­‐0.34%	   0.001129285	  
0.13%	  
0.00%	   0.0018164	  MK8102	   0.15%	   -­‐0.24%	   0.07%	  MK8103	   0.13%	   -­‐0.46%	   -­‐0.21%	  
5	  
MK8101	   0.43%	  
0.35%	   0.000667275	  
-­‐0.19%	  
-­‐0.29%	   0.000911793	  
0.67%	  
0.42%	   0.002195834	  MK8102	   0.30%	   -­‐0.32%	   0.29%	  MK8103	   0.33%	   -­‐0.37%	   0.29%	  
7	  
MK8101	   0.05%	  
0.04%	   0.000146128	  
-­‐0.19%	  
-­‐0.34%	   0.001319337	  
-­‐0.09%	  
-­‐0.26%	   0.001494579	  MK8102	   0.03%	   -­‐0.42%	   -­‐0.37%	  MK8103	   0.05%	   -­‐0.41%	   -­‐0.31%	  
10	   MK8101	   0.10%	   0.13%	   0.000439347	   -­‐0.15%	   -­‐0.31%	   0.0013482	   0.05%	   -­‐0.06%	   0.001242261	  MK8102	   0.10%	   -­‐0.40%	   -­‐0.19%	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                                                                                                                                            MK8103	   0.18%	   -­‐0.38%	   -­‐0.02%	  
14	  
MK8101	   0.03%	  
0.08%	   0.000638277	  
-­‐0.23%	  
-­‐0.33%	   0.000962968	  
-­‐0.17%	  
-­‐0.17%	   0.000550574	  MK8102	   0.15%	   -­‐0.41%	   -­‐0.11%	  MK8103	   0.08%	   -­‐0.37%	   -­‐0.21%	  
21	  
MK8101	   0.03%	  
0.04%	   0.000527867	  
-­‐0.24%	  
-­‐0.37%	   0.001184224	  
-­‐0.19%	  
-­‐0.29%	   0.001159246	  MK8102	   0.10%	   -­‐0.46%	   -­‐0.26%	  MK8103	   0.00%	   -­‐0.41%	   -­‐0.41%	  
28	  
MK8101	   0.10%	  
0.11%	   0.000890541	  
-­‐0.32%	  
-­‐0.44%	   0.001119887	  
-­‐0.12%	  
-­‐0.22%	   0.001635971	  MK8102	   0.20%	   -­‐0.54%	   -­‐0.14%	  MK8103	   0.03%	   -­‐0.46%	   -­‐0.41%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK1301	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK1302	   0.00%	   0.00%	   0.00%	  MK1303	   0.00%	   0.00%	   0.00%	  
1	  
MK1301	   0.15%	  
0.15%	   0.001779425	  
0.16%	  
0.18%	   0.00024277	  
0.47%	  
0.49%	   0.003399489	  MK1302	   -­‐0.03%	   0.21%	   0.16%	  MK1303	   0.33%	   0.17%	   0.84%	  
2	  
MK1301	   0.20%	  
0.10%	   0.001759771	  
0.20%	  
0.24%	   0.000417981	  
0.61%	  
0.45%	   0.00345156	  MK1302	   -­‐0.10%	   0.26%	   0.05%	  MK1303	   0.20%	   0.28%	   0.69%	  
3	  
MK1301	   -­‐0.08%	  
-­‐0.14%	   0.002602252	  
-­‐0.30%	  
-­‐0.34%	   0.000347206	  
-­‐0.45%	  
-­‐0.62%	   0.005088327	  MK1302	   -­‐0.43%	   -­‐0.34%	   -­‐1.19%	  MK1303	   0.08%	   -­‐0.37%	   -­‐0.22%	  
5	  
MK1301	   0.18%	  
0.05%	   0.002650095	  
-­‐0.31%	  
-­‐0.38%	   0.001341084	  
0.04%	  
-­‐0.28%	   0.004528409	  MK1302	   -­‐0.25%	   -­‐0.29%	   -­‐0.79%	  MK1303	   0.23%	   -­‐0.53%	   -­‐0.08%	  
7	  
MK1301	   -­‐0.08%	  
-­‐0.08%	   0.000255033	  
-­‐0.42%	  
-­‐0.48%	   0.000548271	  
-­‐0.57%	  
-­‐0.63%	   0.000818101	  MK1302	   -­‐0.05%	   -­‐0.50%	   -­‐0.60%	  MK1303	   -­‐0.10%	   -­‐0.52%	   -­‐0.72%	  
10	  
MK1301	   0.15%	  
0.06%	   0.003274026	  
-­‐0.39%	  
-­‐0.32%	   0.000758126	  
-­‐0.09%	  
-­‐0.21%	   0.005952325	  MK1302	   -­‐0.30%	   -­‐0.24%	   -­‐0.85%	  MK1303	   0.33%	   -­‐0.34%	   0.32%	  
14	  
MK1301	   0.13%	  
-­‐0.08%	   0.001916029	  
-­‐0.41%	  
-­‐0.32%	   0.000744432	  
-­‐0.15%	  
-­‐0.47%	   0.003213813	  MK1302	   -­‐0.25%	   -­‐0.29%	   -­‐0.79%	  MK1303	   -­‐0.10%	   -­‐0.27%	   -­‐0.47%	  
21	  
MK1301	   0.00%	  
-­‐0.06%	   0.001024449	  
-­‐0.42%	  
-­‐0.43%	   0.000137325	  
-­‐0.42%	  
-­‐0.54%	   0.00217538	  MK1302	   -­‐0.18%	   -­‐0.44%	   -­‐0.79%	  MK1303	   0.00%	   -­‐0.42%	   -­‐0.42%	  
28	  
MK1301	   -­‐0.20%	  
-­‐0.16%	   0.001688993	  
-­‐0.42%	  
-­‐0.49%	   0.000708167	  
-­‐0.82%	  
-­‐0.81%	   0.003047466	  MK1302	   -­‐0.30%	   -­‐0.51%	   -­‐1.11%	  MK1303	   0.03%	   -­‐0.56%	   -­‐0.51%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	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0	  
MK1351	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK1352	   0.00%	   0.00%	   0.00%	  MK1353	   0.00%	   0.00%	   0.00%	  
1	  
MK1351	   0.05%	  
0.14%	   0.001403039	  
0.00%	  
-­‐0.03%	   0.000688955	  
0.10%	  
0.25%	   0.003208315	  MK1352	   0.31%	   0.01%	   0.62%	  MK1353	   0.08%	   -­‐0.11%	   0.04%	  
2	  
MK1351	   0.10%	  
0.19%	   0.002165893	  
-­‐0.09%	  
-­‐0.13%	   0.000345206	  
0.11%	  
0.25%	   0.00434705	  MK1352	   0.43%	   -­‐0.14%	   0.73%	  MK1353	   0.03%	   -­‐0.16%	   -­‐0.11%	  
3	  
MK1351	   -­‐0.15%	  
-­‐0.19%	   0.001301254	  
-­‐0.51%	  
-­‐0.63%	   0.001186741	  
-­‐0.81%	  
-­‐1.00%	   0.003480965	  MK1352	   -­‐0.08%	   -­‐0.63%	   -­‐0.78%	  MK1353	   -­‐0.33%	   -­‐0.75%	   -­‐1.40%	  
5	  
MK1351	   -­‐0.30%	  
-­‐0.16%	   0.002069549	  
-­‐0.53%	  
-­‐0.65%	   0.001414386	  
-­‐1.14%	  
-­‐0.96%	   0.004556665	  MK1352	   0.08%	   -­‐0.60%	   -­‐0.45%	  MK1353	   -­‐0.25%	   -­‐0.80%	   -­‐1.31%	  
7	  
MK1351	   -­‐0.48%	  
-­‐0.23%	   0.002199969	  
-­‐0.62%	  
-­‐0.78%	   0.001391977	  
-­‐1.58%	  
-­‐1.23%	   0.003056992	  MK1352	   -­‐0.10%	   -­‐0.81%	   -­‐1.02%	  MK1353	   -­‐0.10%	   -­‐0.89%	   -­‐1.10%	  
10	  
MK1351	   -­‐0.36%	  
-­‐0.25%	   0.002213468	  
-­‐0.67%	  
-­‐0.77%	   0.001224245	  
-­‐1.37%	  
-­‐1.27%	   0.004951758	  MK1352	   0.00%	   -­‐0.73%	   -­‐0.73%	  MK1353	   -­‐0.41%	   -­‐0.91%	   -­‐1.71%	  
14	  
MK1351	   -­‐0.10%	  
-­‐0.25%	   0.002013117	  
-­‐0.65%	  
-­‐0.73%	   0.00091354	  
-­‐0.85%	  
-­‐1.23%	   0.004880682	  MK1352	   -­‐0.18%	   -­‐0.71%	   -­‐1.07%	  MK1353	   -­‐0.48%	   -­‐0.83%	   -­‐1.78%	  
21	  
MK1351	   -­‐0.23%	  
-­‐0.19%	   0.000819174	  
-­‐0.69%	  
-­‐0.80%	   0.000970846	  
-­‐1.15%	  
-­‐1.18%	   0.001212096	  MK1352	   -­‐0.25%	   -­‐0.81%	   -­‐1.32%	  MK1353	   -­‐0.10%	   -­‐0.88%	   -­‐1.08%	  
28	  
MK1351	   -­‐0.28%	  
-­‐0.25%	   0.000813812	  
-­‐0.60%	  
-­‐0.83%	   0.002111149	  
-­‐1.16%	  
-­‐1.31%	   0.002671408	  MK1352	   -­‐0.15%	   -­‐0.86%	   -­‐1.16%	  MK1353	   -­‐0.30%	   -­‐1.02%	   -­‐1.62%	  
	   	   	   	   	   	   	   	   	   	   	  Days	   Sample	   Lat.	  Strain	   Avg	  Lat.	  Strain	   St	  Dev	   Ver.	  Strain	   Avg	  Ver.	  Strain	   St	  Dev	   Vol.	  Strain	   Avg	  Vol.	  Strain	   St	  Dev	  
0	  
MK13101	   0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  
0.00%	  
0.00%	   0	  MK13102	   0.00%	   0.00%	   0.00%	  MK13103	   0.00%	   0.00%	   0.00%	  
1	  
MK13101	   -­‐0.18%	  
-­‐0.03%	   0.001689329	  
-­‐0.74%	  
-­‐0.22%	   0.004718376	  
-­‐1.09%	  
-­‐0.29%	   0.007916071	  MK13102	   -­‐0.08%	   -­‐0.12%	   -­‐0.27%	  MK13103	   0.15%	   0.19%	   0.49%	  
2	  
MK13101	   -­‐0.05%	  
0.01%	   0.000815809	  
-­‐0.83%	  
-­‐0.23%	   0.005664346	  
-­‐0.93%	  
-­‐0.21%	   0.007137279	  MK13102	   -­‐0.03%	   -­‐0.14%	   -­‐0.19%	  MK13103	   0.10%	   0.29%	   0.50%	  
3	  
MK13101	   -­‐0.35%	  
-­‐0.31%	   0.000730783	  
-­‐1.12%	  
-­‐0.53%	   0.00520691	  
-­‐1.82%	  
-­‐1.15%	   0.006238093	  MK13102	   -­‐0.36%	   -­‐0.35%	   -­‐1.05%	  MK13103	   -­‐0.23%	   -­‐0.13%	   -­‐0.58%	  5	   MK13101	   -­‐0.18%	   -­‐0.11%	   0.001171542	   -­‐1.17%	   -­‐0.59%	   0.005119108	   -­‐1.52%	   -­‐0.81%	   0.006906368	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   -­‐0.18%	   -­‐0.42%	   -­‐0.77%	  MK13103	   0.03%	   -­‐0.19%	   -­‐0.14%	  
7	  
MK13101	   -­‐0.41%	  
-­‐0.35%	   0.000813613	  
-­‐1.28%	  
-­‐0.76%	   0.005120065	  
-­‐2.08%	  
-­‐1.45%	   0.006603595	  MK13102	   -­‐0.38%	   -­‐0.75%	   -­‐1.50%	  MK13103	   -­‐0.25%	   -­‐0.26%	   -­‐0.76%	  
10	  
MK13101	   -­‐0.10%	  
-­‐0.19%	   0.001056168	  
-­‐1.29%	  
-­‐0.64%	   0.005814687	  
-­‐1.49%	  
-­‐1.01%	   0.005013724	  MK13102	   -­‐0.30%	   -­‐0.43%	   -­‐1.03%	  MK13103	   -­‐0.15%	   -­‐0.19%	   -­‐0.49%	  
14	  
MK13101	   -­‐0.43%	  
-­‐0.27%	   0.001527846	  
-­‐1.28%	  
-­‐0.66%	   0.005388263	  
-­‐2.13%	  
-­‐1.20%	   0.008093545	  MK13102	   -­‐0.13%	   -­‐0.42%	   -­‐0.67%	  MK13103	   -­‐0.25%	   -­‐0.29%	   -­‐0.80%	  
21	  
MK13101	   -­‐0.33%	  
-­‐0.37%	   0.000959964	  
-­‐1.33%	  
-­‐0.77%	   0.004845794	  
-­‐1.98%	  
-­‐1.51%	   0.004753528	  MK13102	   -­‐0.48%	   -­‐0.58%	   -­‐1.53%	  MK13103	   -­‐0.30%	   -­‐0.42%	   -­‐1.03%	  
28	  
MK13101	   -­‐0.51%	  
-­‐0.33%	   0.002253403	  
-­‐1.21%	  
-­‐0.71%	   0.004435891	  
-­‐2.21%	  






























                                                                                                                                            
Appendix	  C:	  Mechanical	  Properties	  for	  Metakaolin-­‐based	  
Geopolymer	  Soil	  
 
Concentration	  of	  MKG	   Curing	  Time	   Concentration	  of	  gypsum	  (ppm)	   Mean	  of	  UCS	  (MPa)	   Standard	  Deviation	  of	  UCS	  (MPa)	   Mean	  of	  Failure	  Strain	   Standard	  Deviation	  of	  Failure	  Strain	   Mean	  of	  Young's	  Modulus	  (GPa)	  



























                                                                                                                                            
Appendix	  D:	  Swelling	  recordings	  for	  7	  day	  curing	  samples	  
 10,000	  PPM	  Unstabilized	   	   	   	  Time	   Period	  (hrs)	   LVDT	  Reading	  (mm)	   Vertical	  Change	  of	  Swelling	  Sample	  (mm)	   Vertical	  Strain	  (%)	  2/7/2014	  2:00PM	   0	   0	   0	   0	  2/7/2014	  3:00PM	   1	   0.12	   0.12	   0.986993617	  2/7/2014	  4:00PM	   2	   0.123	   0.123	   1.011668458	  2/7/2014	  5:00PM	   3	   0.123	   0.123	   1.011668458	  2/7/2014	  6:00PM	   4	   0.125	   0.125	   1.028118352	  2/7/2014	  7:00PM	   5	   0.126	   0.126	   1.036343298	  2/7/2014	  8:00PM	   6	   0.127	   0.127	   1.044568245	  2/7/2014	  9:00PM	   7	   0.127	   0.127	   1.044568245	  2/7/2014	  10:00PM	   8	   0.128	   0.128	   1.052793192	  2/8/2014	  2:00PM	   24	   0.129	   0.129	   1.061018139	  2/9/2014	  2:00PM	   48	   0.129	   0.129	   1.061018139	  2/10/2014	  2:00PM	   72	   0.129	   0.129	   1.061018139	  2/11/2014	  2:00PM	   96	   0.129	   0.129	   1.061018139	  2/12/2014	  2:00PM	   120	   0.129	   0.129	   1.061018139	  2/13/2014	  2:00PM	   144	   0.129	   0.129	   1.061018139	  2/14/2014	  2:00PM	   168	   0.129	   0.129	   1.061018139	  	   	   	   	   	  10,000	  PPM	  4%	  Lime	   	   	   	   	  Time	   Period	  (hrs)	   LVDT	  Reading	  (mm)	   Vertical	  Change	  of	  Swelling	  Sample	  (mm)	   Vertical	  Strain	  (%)	  2/7/2014	  2:00PM	   0	   0	   0	   0	  2/7/2014	  3:00PM	   1	   0.027	   0.027	   0.219324373	  2/7/2014	  4:00PM	   2	   0.031	   0.031	   0.251816872	  2/7/2014	  5:00PM	   3	   0.033	   0.033	   0.268063122	  2/7/2014	  6:00PM	   4	   0.038	   0.038	   0.308678747	  2/7/2014	  7:00PM	   5	   0.043	   0.043	   0.349294371	  2/7/2014	  8:00PM	   6	   0.047	   0.047	   0.381786871	  2/7/2014	  9:00PM	   7	   0.05	   0.05	   0.406156246	  2/7/2014	  10:00PM	   8	   0.053	   0.053	   0.43052562	  2/8/2014	  2:00PM	   24	   0.074	   0.074	   0.601111243	  2/9/2014	  2:00PM	   48	   0.088	   0.088	   0.714834992	  2/10/2014	  2:00PM	   72	   0.096	   0.096	   0.779819992	  2/11/2014	  2:00PM	   96	   0.101	   0.101	   0.820435616	  2/12/2014	  2:00PM	   120	   0.105	   0.105	   0.852928116	  2/13/2014	  2:00PM	   144	   0.105	   0.105	   0.852928116	  2/14/2014	  2:00PM	   168	   0.105	   0.105	   0.852928116	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Appendix	  E:	  Swelling	  recordings	  for	  28	  day	  curing	  samples	  
 
 10,000	  PPM	  Unstabilized	   	   	   	   	  Time	   Period	  (hrs)	   LVDT	  Reading	  (mm)	  
Vertical	  Change	  of	  Swelling	  Sample	  (mm)	  
Vertical	  Strain	  (%)	  
3/7/2014	  12:30PM	   0	   4.709	   0	   0	  3/7/2014	  1:30PM	   1	   5.384	   0.675	   0.053795148	  3/7/2014	  2:30PM	   2	   5.596	   0.887	   0.070690809	  3/7/2014	  3:30PM	   3	   5.726	   1.017	   0.081051356	  3/7/2014	  4:30PM	   4	   5.758	   1.049	   0.083601645	  3/7/2014	  5:30PM	   5	   5.777	   1.068	   0.085115879	  3/7/2014	  6:30PM	   6	   5.796	   1.087	   0.086630113	  3/7/2014	  7:30PM	   7	   5.809	   1.1	   0.087666167	  3/7/2014	  8:30PM	   8	   5.815	   1.106	   0.088144346	  3/8/2014	  12:30PM	   24	   5.852	   1.143	   0.091093117	  3/9/2014	  12:30PM	   48	   5.854	   1.145	   0.09125251	  3/10/2014	  12:30PM	   72	   5.84	   1.131	   0.090136759	  3/11/2014	  12:30PM	   96	   5.827	   1.118	   0.089100705	  3/12/2014	  12:30PM	   120	   5.8	   1.091	   0.086948899	  3/13/2014	  12:30PM	   144	   5.657	   0.948	   0.075552297	  3/14/2014	  12:30PM	   168	   5.657	   0.948	   0.075552297	  	   	   	   	   	  10,000	  PPM	  4%	  Lime	   	   	   	   	  Time	   Period	  (hrs)	   LVDT	  Reading	  (mm)	  
Vertical	  Change	  of	  Swelling	  Sample	  (mm)	  
Vertical	  Strain	  (%)	  
3/7/2014	  12:30PM	   0	   0.005	   0	   0	  3/7/2014	  1:30PM	   1	   0.032	   0.027	   0.225051262	  3/7/2014	  2:30PM	   2	   0.038	   0.033	   0.275062653	  3/7/2014	  3:30PM	   3	   0.055	   0.05	   0.416761596	  3/7/2014	  4:30PM	   4	   0.048	   0.043	   0.358414972	  3/7/2014	  5:30PM	   5	   0.05	   0.045	   0.375085436	  3/7/2014	  6:30PM	   6	   0.052	   0.047	   0.3917559	  3/7/2014	  7:30PM	   7	   0.054	   0.049	   0.408426364	  3/7/2014	  8:30PM	   8	   0.055	   0.05	   0.416761596	  3/8/2014	  12:30PM	   24	   0.066	   0.061	   0.508449147	  3/9/2014	  12:30PM	   48	   0.075	   0.07	   0.583466234	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  12:30PM	   72	   0.105	   0.1	   0.833523191	  3/11/2014	  12:30PM	   96	   0.105	   0.1	   0.833523191	  3/12/2014	  12:30PM	   120	   0.105	   0.1	   0.833523191	  3/13/2014	  12:30PM	   144	   0.105	   0.1	   0.833523191	  3/14/2014	  12:30PM	   168	   0.106	   0.101	   0.841858423	  	   	   	   	   	  10000	  PPM	  8%	  MK	   	   	   	   	  Time	   Period	  (hrs)	   LVDT	  Reading	  (mm)	  
Vertical	  Change	  of	  Swelling	  Sample	  (mm)	  
Vertical	  Strain	  (%)	  
3/7/2014	  12:30PM	   0	   0.106	   0	   0	  3/7/2014	  1:30PM	   1	   0.136	   0.03	   0.236852078	  3/7/2014	  2:30PM	   2	   0.139	   0.033	   0.260537286	  3/7/2014	  3:30PM	   3	   0.139	   0.033	   0.260537286	  3/7/2014	  4:30PM	   4	   0.139	   0.033	   0.260537286	  3/7/2014	  5:30PM	   5	   0.138	   0.032	   0.252642217	  3/7/2014	  6:30PM	   6	   0.138	   0.032	   0.252642217	  3/7/2014	  7:30PM	   7	   0.138	   0.032	   0.252642217	  3/7/2014	  8:30PM	   8	   0.138	   0.032	   0.252642217	  3/8/2014	  12:30PM	   24	   0.143	   0.037	   0.292117563	  3/9/2014	  12:30PM	   48	   0.143	   0.037	   0.292117563	  3/10/2014	  12:30PM	   72	   0.145	   0.039	   0.307907701	  3/11/2014	  12:30PM	   96	   0.146	   0.04	   0.315802771	  3/12/2014	  12:30PM	   120	   0.146	   0.04	   0.315802771	  3/13/2014	  12:30PM	   144	   0.146	   0.04	   0.315802771	  3/14/2014	  12:30PM	   168	   0.147	   0.041	   0.32369784	  	   	   	   	   	  10000	  PPM	  13%	  MK	   	   	   	   	  Time	   Period	  (hrs)	   LVDT	  Reading	  (mm)	  
Vertical	  Change	  of	  Swelling	  Sample	  (mm)	  
Vertical	  Strain	  (%)	  
3/7/2014	  12:30PM	   0	   0	   0	   0	  3/7/2014	  1:30PM	   1	   0.012	   0.012	   0.094740831	  3/7/2014	  2:30PM	   2	   0.013	   0.013	   0.1026359	  3/7/2014	  3:30PM	   3	   0.013	   0.013	   0.1026359	  3/7/2014	  4:30PM	   4	   0.013	   0.013	   0.1026359	  3/7/2014	  5:30PM	   5	   0.014	   0.014	   0.11053097	  3/7/2014	  6:30PM	   6	   0.014	   0.014	   0.11053097	  3/7/2014	  7:30PM	   7	   0.014	   0.014	   0.11053097	  3/7/2014	  8:30PM	   8	   0.014	   0.014	   0.11053097	  3/8/2014	  12:30PM	   24	   0.015	   0.015	   0.118426039	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  12:30PM	   48	   0.016	   0.016	   0.126321108	  3/10/2014	  12:30PM	   72	   0.016	   0.016	   0.126321108	  3/11/2014	  12:30PM	   96	   0.016	   0.016	   0.126321108	  3/12/2014	  12:30PM	   120	   0.016	   0.016	   0.126321108	  3/13/2014	  12:30PM	   144	   0.016	   0.016	   0.126321108	  3/14/2014	  12:30PM	   168	   0.015	   0.015	   0.118426039	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Appendix	  F:	  Project	  Proposal	  MQP	  Proposal	  1.	  Problem	  Statement	  Swell	  characteristics	  of	  soils	  have	  been	  commonly	  linked	  to	  infrastructural	  damage.	  	  The	  moisture	  content	  of	  soils	  directly	  affects	  how	  much	  swelling	  will	  occur.	  	  Improper	  mitigation	  of	  these	  expansive	  soils	  during	  construction	  can	  result	  in	  damage	  to	  pavements	  and	  structures,	  and	  can	  cost	  millions	  of	  dollars	  in	  repairs.	  	  Many	  of	  these	  problems	  have	  occurred	  in	  natural	  sulfate	  rich	  environments.	  	  Naturally	  sulfate	  rich	  soils	  can	  be	  found	  in	  the	  southern,	  western,	  and	  southwestern	  United	  States.	  	  While	  sulfates	  alone	  in	  soil	  do	  not	  pose	  any	  problems,	  the	  presence	  of	  calcium	  and	  moisture	  can	  result	  in	  adverse	  effects.	  	  	  Soils	  are	  exposed	  to	  calcium	  when	  stabilized	  with	  lime	  or	  Portland	  cement	  materials.	  	  When	  sulfates	  react	  with	  calcium	  it	  can	  induce	  heave	  in	  the	  soil.	  	  This	  heave	  is	  caused	  by	  the	  mineral	  ettringite.	  	  Ettringite	  is	  formed	  during	  the	  reaction	  of	  calcium	  with	  aluminates	  and	  soluble	  sulfates,	  and	  will	  induce	  heave	  in	  soils	  when	  exposed	  to	  moisture	  (hydration).	  	  Varying	  moisture	  exposure	  from	  seasonal	  changes	  to	  ettringite	  will	  cause	  cracking	  in	  pavement	  and	  concrete	  structures,	  and	  potentially	  to	  the	  point	  in	  which	  rehabilitation	  is	  necessary.	  	  The	  ever-­‐increasing	  issue	  of	  heave	  in	  construction	  projects	  has	  prompted	  research	  in	  developing	  alternatives	  to	  lime	  and	  Portland	  cement	  for	  stabilization.	  One	  alternative	  to	  replacing	  lime	  and	  Portland	  cement	  as	  a	  soil	  stabilizers	  is	  the	  use	  of	  geopolymers.	  	  Geopolymers	  are	  inorganic	  polymers	  that	  are	  formed	  by	  
 74 
                                                                                                                                            the	  reaction	  of	  an	  alkaline	  solution	  with	  an	  aluminosilicate	  source.	  	  As	  with	  conventional	  polymerization,	  the	  process	  of	  creating	  a	  geopolymer	  involves	  forming	  monomers	  in	  a	  solution,	  then	  thermally	  triggering	  them	  to	  form	  a	  solid	  polymer.	  	  	  When	  hardned,	  the	  material	  becomes	  amorphous	  and	  shares	  similar	  mechanical	  properties	  to	  conventional	  soil	  stabilizers.	  	  Geopolymers	  make	  adequate	  soil	  stabilizers	  since	  they	  reduce	  the	  possibility	  of	  heave.	  	  The	  pozzolanic	  reaction	  will	  continue	  as	  long	  as	  calcium	  is	  present	  in	  the	  soil	  (the	  more	  calcium	  present,	  the	  more	  likely	  a	  sulfate	  rich	  soil	  will	  induce	  heave).	  	  Eliminating	  calcium	  from	  the	  stabilizer	  could	  eliminate	  the	  potential	  of	  heave	  occurring,	  which	  has	  prompted	  researchers	  to	  find	  alternative	  materials.	  	  	  Researchers	  have	  conducted	  studies	  on	  alternative	  materials	  like	  Fly	  Ash	  and	  Metakaolin	  to	  replace	  calcium-­‐based	  products,	  which	  will	  still	  effectively	  reduce	  plasticity	  and	  moisture	  content,	  and	  improve	  the	  stability	  of	  the	  treated	  soil.	  	  These	  alternative	  materials	  are	  considered	  to	  be	  more	  environmentally	  friendly,	  or	  “green”,	  than	  calcium-­‐based	  products.	  	  Research	  shows	  that	  for	  every	  one	  ton	  of	  Portland	  cement	  manufactured,	  one	  ton	  of	  carbon	  emissions	  are	  released.	  	  Thus,	  replacing	  calcium	  products	  with	  a	  material	  like	  Metakaolin	  will	  have	  a	  more	  positive	  impact	  on	  the	  environment.	  The	  design	  problem	  is	  to	  develop	  a	  geopolymer	  that	  can	  replace	  calcium-­‐based	  stabilizers.	  	  A	  Metakaolin	  based	  geopolymer	  has	  been	  proposed	  for	  research.	  2.	  	  Objective	  	   Analysis	  of	  the	  effects	  of	  different	  metakaolin	  based	  geopolymer	  recipes	  on	  the	  strength	  and	  expansive	  properties	  of	  soils	  with	  varying	  sulfate	  levels.	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  3.	  Proposed	  Approach	  	   This	  project	  will	  analysis	  and	  compare	  the	  behavior	  of	  a	  metakaolin-­‐based	  geopolymer	  as	  a	  soil	  stabilizer	  in	  sulfate	  rich	  environments.	  First,	  unconfined	  compressive	  strength	  (UCS)	  samples	  will	  be	  prepared.	  Table	  1.1	  shows	  the	  breakdown	  for	  the	  samples	  that	  will	  be	  prepared.	  Table	  1.1	  UCS	  Samples	  Cure	  Length	   	  	   7	  day	  cure	   	  	   	  	   28	  day	  cure	   	  	  Sulfate	  Level	   1000ppm	   5000	  ppm	   10000	  ppm	   1000ppm	   5000	  ppm	   10000	  ppm	  MK	  Level	   8%	  MK	   8%	  MK	   8%	  MK	   8%	  MK	   8%	  MK	   8%	  MK	  3	  samples	  for	  each	  MK	  level	   13%	  MK	   13%	  MK	   13%	  MK	   13%	  MK	   13%	  MK	   13%	  MK	  	  	  The	  Metakaolin	  based	  geopolymer	  is	  synthesized	  by	  mixing	  metakaolin	  with	  a	  Sodium	  Silicate	  and	  Sodium	  Hydroxide	  activator	  solution.	  Table	  1.2	  describes	  the	  geopolymer	  solution.	  	  	  Table	  1.2	  Geopolymer	  Recipe	  Metakaolin	  (g)	   Sodium	  silicate	  (mL)	  
50%	  NaOH	  (mL)	  
Distilled	  Water	  (mL)	  
Si/Al	  (molar	  ratio)	  
Na/Al	  (molar	  ratio)	  
L/S	  (Mass	  ratio)	  
Water/MK	  (wt%)	   Water	  Content	  (%)	  
100	   90	   25	   10	   1.68	   1.07	   1.73	   50%	   40%	  	  	   The	  recipes	  for	  UCS	  sample	  mix	  the	  metakaolin	  geopolymer	  with	  a	  synthetic	  soil	  (consisting	  of	  ⅜	  clay	  and	  ⅝	  collected	  soil)	  and	  gypsum	  at	  different	  levels.	  Extra	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  will	  be	  added	  to	  ensure	  the	  optimum	  moisture	  content.	  Table	  1.3	  (separate	  document)	  displays	  all	  the	  recipes	  for	  the	  UCS	  samples.	  Prepare	  the	  samples	  by	  filling	  the	  1.3	  in	  x	  2.8	  in	  mold	  with	  138	  grams	  of	  soil.	  Use	  the	  hand	  compactor	  to	  compact	  the	  soil	  in	  3	  layers.	  Use	  the	  machine	  compactor	  to	  compact	  the	  final	  layer	  of	  soil	  with	  the	  plastic	  rammer.	  Remove	  the	  soil	  from	  the	  mold	  before	  weighing	  and	  measuring	  the	  height	  and	  diameter	  of	  the	  sample.	  Place	  the	  samples	  in	  a	  plastic	  zip	  lock	  bag	  and	  in	  a	  humidity-­‐controlled	  cabinet.	  Remove	  the	  samples	  from	  the	  bag	  after	  2	  days	  and	  keep	  them	  in	  the	  humidity-­‐controlled	  cabinet.	  Measure	  the	  samples	  on	  the	  1,2,3,5,7	  (as	  well	  as	  10,	  14,	  21,	  and	  28	  days	  for	  some	  samples).	  After	  the	  curing	  is	  complete	  (14	  days	  or28	  days)	  test	  the	  samples	  on	  the	  Instron	  Machine.	  Using	  a	  .2	  in/min	  loading	  rate,	  and	  average	  of	  the	  3	  diameter	  and	  height	  measurements	  on	  the	  final	  day.	  All	  of	  this	  data	  will	  be	  compared	  with	  controls	  of	  sulfate	  rich	  soil	  without	  any	  stabilizer	  and	  a	  sulfate	  rich	  soil	  stabilized	  with	  the	  traditional	  Portland	  cement	  to	  determine	  if	  a	  metakaolin-­‐based	  geopolymer	  is	  a	  feasible	  replacement	  for	  cement	  in	  soil	  stabilization	  applications	  in	  sulfate	  rich	  environments.	  	  
